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Introduction 


The  Rho  family  small  GTPases  function  as  molecular  switches  that  control  the  signal  flows 
from  a  variety  of  cell  surface  receptors.  Among  the  panel  of  receptors  that  require  Rho  family  GTPases 
to  relay  signals  leading  to  mammary  cell  transformation  and  metastasis,  the  epidermal  growth  factor 
receptor,  the  erbB-2  gene  product,  the  colony  stimulating  factor- 1  receptor,  and  the  cell  adhesion 
receptor  integrins  are  the  prominent  ones.  Overexpression  or  mutation  of  these  receptors  and  many 
signal  transducers  downstream  of  these  receptors  are  known  to  correlate  with  breast  carcinogenesis. 

We  hypothesize  that  in  breast  cancer  cells  overexpressing  or  bearing  mutations  of  one  of  the  oncogenic 
receptors,  Ras  proteins,  or  Rho-specific  activators,  a  higher  percentage  of  Rho  family  members,  Rho, 
Rac  or  Cdc42,  are  in  the  active  state.  Determination  of  the  activation  states  of  these  GTPases  in  breast 
tumors  and  defining  which  tumor  types  show  increased  Rho,  Rac,  or  Cdc42  activation  will  lead  the  way 
in  the  search  for  a  direct  connection  between  Rho  pathways  and  breast  cancer  genesis,  and  may  provide 
novel  treatment  strategies  targeted  at  the  Rho  signaling  components.  We  have  utilized  a  novel  method 
to  measure  the  activation  state  of  endogenous  Rho  family  GTPases  in  the  oncogenic  and  mitogenic 
pathways  of  model  cell  systems  and  will  further  extend  it  to  examine  the  activation  state  of  the  Rho 
family  members,  Rho,  Rac,  Cdc42,  in  breast  cancer  cells  and  specimens. 
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The  first  two  aims  (task  1  and  task  2)  were  proposed  for  months  1-10  and  months  6-24  of  the 
funding  period,  which  overlap  in  this  first  annual  report.  Specifically,  we  have  proposed  to  determine 
which  p2 1-binding  domains  (PBDs)  of  effectors  are  most  suitable  for  the  detection  of  activated  RhoA 
and  Racl  (task  1)  and  to  begin  to  apply  the  efector  PBD-binding  assay  to  the  examination  of 
endogenous  Rho  family  GTPases  in  mitogen-stimulated  or  oncogene-transformed  cells.  Such  studies 
are  necessary  for  later  investigation  of  the  potential  involvement  of  Rho  pathways  in  transducing 
mitogenic/oncogenic  signals  in  mammary  cells  and  in  breast  cancer  specimens.  To  this  end,  we  have 
mostly  completed  the  tasks  we  set  out  before,  and  we  do  not  expect  any  major  changes  to  the  original 
Statement  of  Work.  The  results  are  summarized  below. 


1.  Activation  and  translocation  of  Cdc42  and  Racl  by  mitogenic  and  adhesion  signals. 


A 


Bradykinin:  .  +  ^  't- 

Ganlatain:  •  .  .  + 

wortmannln: 


Figure  1.  Effect  of  bradykinin  and  PDGF  on  the  cellular  distribution  and  activation  of  Cdc42  and  Racl.  Swiss  3T3  cells 
were  serum  starved  overnight  before  challenged  with  100  ng/ml  bradykinin  (A)  or  50  ng/ml  PDGF  (B)  for  the  indicated 
times.  The  cells  were  lysed  and  fractionated  as  described  (84)  and  the  cytosol  and  high  speed  membranes  were  analyzed  for 
total  Cdc42  or  Racl  as  well  as  for  the  active,  GTP-bound  Cdc42  or  Racl  by  Western  blotting  of  the  proteins  with  or 
without  GST-PAKl  pull-down  treatment.  Square  symbols,  Cdc42;  triangles,  Racl.  C,  Cdc42  and  Racl  activation 
stimulated  by  bradykinin  in  cells  pretreated  with  tyrosine  kinase  and  PI  3-kinase  inhibitors.  100  pM  genistein  or  30  nM 
wortmannin  were  added  to  the  cells  in  the  serum-free  medium  for  30  min  at  37  °C.  Cells  were  then  stimulated  with 
lOOng/ml  bradykinin  for  5  min  before  the  addition  of  ice-cold  lysis  buffer.  Cell  lysates  were  subjected  to  GST-PAKl 
affinity  precipitation  analysis. 
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The  Rho  family  GTPases  Cdc42  and  Racl  are  important  signal  transducers  of  many  receptor- 
initiated  pathways  (1,2)  and  are  regulated  by  mitogenic  signals  such  as  bradykinin  and  PDGF  as  well 
as  by  adhesion  (3, 4,  5).  We  have  investigated  the  relationship  between  membrane  translocation  and 
activation  of  endogenous  Cdc42  and  Rac  1  in  response  to  mitogenic  and  integrin  stimulation.  The 
mitogen  bradykinin  induced  translocation  of  Cdc42  and  Racl  to  a  membrane  fraction  of  Swiss  3T3 
cells  within  two  minutes,  which  correlated  with  the  activation  kinetics  of  the  GTPases  (Fig.  1  A).  PDGF 
treatment  of  the  cells  induced  rapid  translocation  and  activation  of  Racl  but  not  Cdc42  within  30 
seconds  (Fig.  IB).  The  activation  of  Cdc42  and  Racl  appeared  to  precede  actin  microspike  formation 
or  membrane  ruffle  induction  of  the  cells.  However,  the  translocated  GTPases  were  found  to  remain 
membrane  bound  for  a  much  longer  time  course  than  their  activation  status,  suggesting  that  a 
deactivation  event  occurs  at  the  membrane  level.  Cell  adhesion  on  fibronectin  matrix  resulted  in 
transient  activation  of  both  Cdc42  and  Racl,  and  caused  a  partial  inhibition  of  bradykinin  or  PDGF 
effect  on  the  small  G-proteins.  Pretreatment  of  the  cells  with  genistein  or  wortmannin  significantly 
reduced  the  bradykinin,  PDGF,  or  fibronectin  stimulated  Cdc42  or  Racl  activity  (Fig.  1C),  indicating 
that  both  tyrosine  kinase  and  PI3  kinase  are  required  elements  of  the  small  G-protein  pathways. 

Finally,  Cdc42  and  Rac  1  activation  by  bradykinin  were  abolished  by  pertussis  toxin  treatment,  whereas 
the  outcome  by  the  PDGF  or  integrin  treatment  was  unaffected.  These  results  suggest  that  mitogenic 
agonist  and  integrin  mediated  signals  are  integrated  at  the  small  G-protein  level,  and  tyrosine  kinase, 

PI3  kinase,  and/or  heterotrimeric  G-proteins  are  intimately  involved  in  the  Cdc42  and  Racl  activation 
process. 

2.  Genetic  deletion  of  the  Pten  tumor  suppresor  gene  promotes  cell  motility  by  activation  of 
Racl  and  Cdc42  GTPases. 

Pten  is  a  recently  identified  tumor  suppressor  gene  which  is  deleted  or  mutated  in  a  variety  of 
primary  human  cancers  including  breast  cancer  (6).  Pten  has  been  implicated  in  controlling  cell 
migration,  among  other  functions,  but  the  exact  mechanism  is  not  very  clear  (7).  In  collaboration  with 
Dr.  Hong  Wu’s  laboratory  (UCLA),  we  have  shown  that  Pten  deficiency  led  to  increased  cell  motility 
(8).  Significant  increases  in  the  endogenous  activities  of  Racl  and  cdc42,  two  small  GTPases  involved 
in  regulating  the  actin  cytoskeleton,  were  observed  in  Pten-/-  cells.  Overexpression  of  dominant 
negative  mutant  forms  of  Racl  and  cdc42  reversed  the  cell  migration  phenotype  of  Pten-/-  cells.  These 
studies  suggest  that  Pten  negatively  controls  cell  motility  by  down-regulating  Racl  and  Cdc42  (reprint 
enclosed  in  Appendix). 
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Figure  2.  Pten  deletion  results  in  activation  of  Racl  and  Cdc42.  A,  GST-PAK  binding  is  specific  for  GTP-bound  Racl 
and  Cdc42.  Pten-/-  fibroblast  lysates  were  loaded  with  GTPgS  or  GDP  prior  to  affinity  precipitation  with  10  pg  GST  or 
GST-PAK  immobilized  on  glutathione  agarose  beads.  The  precipitated  proteins  were  analyzed  by  Western  blot  with  anti- 
Racl  or  anti-Cdc42  antibodies.  B,  The  GST-PAK  precipitates  from  wild  type  (-(•)  and  Pten-/-  (-)  fibroblasts  under  log 
phase  growing  conditions,  along  with  cell  lysates,  were  analyzed  by  western  blots.  C,  Wild  type  or  Pten-/-  cells,  either 
in  suspension  or  adherent,  were  lysed  and  subjected  to  GST-PAK  affinity  precipitation.  Racl-GTP  (left  graph)  or  Cdc42- 
GTP  (right  graph)  activities  detected  were  normalized  to  the  amount  of  Racl  or  Cdc42  in  whole  cell  lysates.  Results  are 
means  +/-  SD  from  three  experiments.  D,  Pten-/-  cells  were  treated  with  20  pM  LY294002  (-h)  or  50  nM  wortmannin 
(not  shown)  or  DMSO  vehicle  control  (-)  for  6  hr  before  harvesting.  Cell  lysates  were  precipitated  with  GST-PAK  and 
blotted  with  anti-Racl  or  anti-Cdc42.  In  parallel,  aliquots  of  cell  lysates  were  analyzed  with  anti-phospho-Akt  antibody. 

3.  Examination  of  proto-Dbl  guanine  nucleotide  exchange  activity  in  cells. 

The  dbl  oncogene  encodes  a  prototype  member  of  the  Rho  GTPase  guanine  nucleotide 
exchange  factor  (GEF)  family  (9).  Oncogenic  activation  of  proto-Dbl  occurs  through  the  truncation  of 
N-terminal  497  residues  (10).  The  C-terminal  half  of  proto-Dbl  includes  residues  498-680  and  710- 
815  that  fold  into  the  Dbl  homology  (DH)  domain  and  the  pleckstrin  homology  (PH)  domain, 
respectively,  both  of  which  are  essential  for  cell  transformation  via  the  Rho  GEF  activity  or  cytoskeletal 
targeting  function  (1 1).  We  have  investigated  the  mechanism  of  the  apparent  negative  regulation  of 
proto-Dbl  imposed  by  the  N-terminal  sequences,  employing  the  GST-effector  pull  down  assays  to 
detect  the  effect  of  various  proto-Dbl  constructs  on  the  endogenous  Rho  GTPase  activities  (12). 
Deletion  of  the  N-terminal  285  or  C-terminal  100  residues  of  proto-Dbl  did  not  significantly  effect  on 
either  its  transforming  activity  or  GEF  activity,  while  removal  of  the  N-terminal  348  amino  acids 
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resulted  in  a  significant  increase  in  both  transformation  and  GEF  potential.  Together  with  other  cell 
biology  evidence,  our  findings  unveiled  an  autoinhibitory  mode  of  regulation  of  proto-Dbl  that  is 
mediated  by  the  intramolecular  interaction  between  its  N-terminal  sequences  and  PH  domain,  directly 
impacting  on  both  the  GEF  function  and  intracellular  distribution  (reprint  enclosed  in  Appendix). 
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Figure  3.  Detection  of  the  Cdc42  exchange  potential  by  the  proto-Dbl  mutants  in  cells.  (HA)3-Cdc42  was  expressed 
alone  or  together  with  HA-DH-PH,  HA-Tl,  HA-T4,  HA-T5,  or  HA-T6  in  Cos-7  cells.  The  cell  lysates  were  probed 
with  anti-HA  antibody  in  a  Western  blot.  The  cell  lysates  were  subjected  to  GST  or  GST-PAKl  pull-down  assay,  and 
the  glutathione  agarose  co-precipitates  were  detected  by  anti-HA  Western  blotting  to  reveal  the  relative  amount  of  Cdc42- 
GTP  in  cells. 

4.  Modulation  of  RhoA  activity  in  epithelial  cells  by  Na,K-ATPase. 

The  mechanism  by  which  the  formation  of  tight  junctions  and  desmosomes  are  regulated  in 
polarized  epithelial  cells  are  not  well  understood  (13-14).  Such  mechanism  may  be  tightly  associated 
with  mammary  epithelial  transformation  (15).  In  collaboration  with  Dr.  A.  K.  Rajasekaran’s  laboratory 
(UCLA),  we  have  investigated  the  involvement  of  RhoA  GTPase  in  Na,K-ATPase  mediated  assembly 
of  tight  junctions  and  desmosomes  in  MDCK  cells  (16).  We  found  that  an  increased  sodium  level 
caused  by  the  inhibition  of  Na,K-ATPase  prevents  the  formation  of  tight  junctions  and  desmosomes 
and  this  effect  is  negatively  correlated  with  the  endogenous  RhoA  activity.  The  results  indicate  that  the 
intracellular  sodium  level  maintained  by  the  N,K-ATPase  is  an  upstream  regulator  of  RhoA  GTPase 
function  in  epithelial  cells  and  might  play  a  crucial  role  in  the  biogenesis  of  polarized  epithelia  (see 
Appendix  for  details). 
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Figure  4.  Inhibition  of  Na,K-ATPase  led  to  down-regulation  of  RhoA  activity  in  MDCK  cells.  A,  effect  of  ouabain 
treatment  on  RhoA  activity.  Immunoblots  show  active  and  total  RhoA  in  ouabain  and  control  cells.  The 
immunobloting  results  were  quantified  to  yield  the  bar  graph.  B,  effect  of  K*  depletion  and  repletion  on  RhoA  activity. 
Immunoblots  of  active  and  total  RhoA  are  quantified  and  represent  the  mean  of  two  independent  experiments.  C,  effect  of 
gramicidin  and  valinomycin  on  RhoA  activity. 
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Key  Research  Accomplishments 


-  Established  that  the  Rho  GTPase-interactive  effector  domains  of  WASP,  PAKl,  and  Rhotekin 
constitute  the  activation-state  specific  probes  for  Cdc42,  Rac,  and  Rho  that  can  be  utilized  to  detect 
endogenous  Cdc42-GTP,  Racl-GTP,  and  RhoA-GTP  species,  respectively. 

-  Applied  GST-PAKl  probe  to  Swiss  3T3  model  cell  system  to  determine  the  activation  kinetics  of 
endogenous  Cdc42  and  Racl  in  response  to  the  mitogen,  bradykinin  or  PDGF,  stimulation. 

-  Applied  GST-PAKl  and  GST-Rhotekin  probes  in  NIH  3T3  cells  transfected  with  various  proto-Dbl 
oncogene  products  to  reveal  the  activation  states  of  Cdc42  and  RhoA  that  were  regulated  by  proto-Dbl 
derivatives,  suggesting  that  residues  286  to  482  of  proto-Dbl  are  involved  in  an  autoinhibition 
mechanism. 

-  Applied  GST-WASP,  GST-PAKl,  and  GST-Rhotekin  to  the  tumor-suppressor,  Pten,  knock-out 
mouse  embryonic  fibroblasts  to  determine  that  all  three  major  Rho  GTPases  activities  become 
upregulated  in  the  system,  which  correlates  with  increase  motility  of  the  cells,  suggesting  that  Pten 
negatively  controls  cell  motility  by  down-regulating  Racl  and  Cdc42. 

-  Applied  GST-Rhotekin  to  an  epithelial  cell  system  to  determine  that  inhibition  of  Na,K-ATPase 
negatively  regulates  RhoA  activity,  which  may  in  turn  affect  the  formation  of  tight  junctions  and 
desmosomes. 


10 


Reportable  Outcomes 


-  Liliental,  J.,  Moon,  S.  Y.,  Lesche,  R.,  Mamillapalli,  R.,  Gavrilova,  N.,  Zheng,  Y.,  Sun,  H.,  and 
Wu,  H.  (2000)  Genetic  deletion  of  the  PTEN  tumor  suppresor  gene  promotes  cell  motility  by 
activation  of  Racl  and  Cdc42  GTPases.  Curr.  Biol.  10,  401-404. 

-  Bi,  F.,  Debreceni,  B.,  Zhu,  K.,  Salani,  B.,  Eva,  A,  and  Zheng,  Y.  (2001)  Autoinhibition 
mechanism  of  proto-Dbl.  Mol.  Cell.  Biol.  21,  1463-1474. 

-  Rajasekaran,  S.  A.,  Palmer,  L.  G.,  Moon,  S.  Y.,  Soler,  A.  P.,  Apodaca,  G.  L.,  Harper,  J.  F., 
Zheng,  Y.,  and  Rajasekaran,  A.  K.  (2001)  Na,K-ATPase  regulates  the  formation  of  tight 
junctions  and  desmosomes  through  RhoA  GTPase.  Mol.  Biol.  Cell  submitted. 

-  Zheng,  Y.  (2001)  Dbl  family  guanine  nucleotide  exchange  factors  for  Rho  GTPases.  Trends 
Biochem.  Sci.  in  press. 


Conclusions 


Rho  GTPase  signaling  pathways  have  begun  to  be  appreciated  to  play  roles  in  breast 
carcinogenesis.  To  establish  a  causal  link  between  activation  of  individual  Rho  signaling  events  and 
certain  aspects  of  breast  cancer  development,  we  have  started  to  search  for  direct  effect  on  Rho 
GTPases  in  mitogenic  conditions,  and  in  various  physiological  situations  that  may  be  connected  to 
mammary  cell  transformation  and  metastasis.  As  stated  in  this  first  annual  report,  we  have  established  a 
method  using  the  Rho  GTPase-interactive  effector  domains  of  WASP,  PAKl,  and  Rhotekin  to 
quantitatively  define  the  activation-states  of  Rho  family  members  Cdc42,  Rac,  and  Rho  in  cells,  and 
applied  this  method  to  four  cellular  conditions  which  are  all  related  to  mammary  tumorigenesis:  (1)  in  a 
Swiss  3T3  model  cell  system  to  determine  the  activation  kinetics  of  endogenous  Cdc42  and  Racl  in 
response  to  the  mitogen,  bradykinin  or  PDGF,  stimulation;  (2)  in  NIH  3T3  cells  transfected  with 
various  proto-Dbl  oncogene  products  to  reveal  the  activation  states  of  Cdc42  and  RhoA  that  were 
regulated  by  proto-Dbl  derivatives,  suggesting  that  residues  286  to  482  of  proto-Dbl  are  involved  in  an 
autoinhibition  mechanism;  (3)  in  the  tumor-suppressor,  Pten,  knock-out  mouse  embryonic  fibroblasts 
to  determine  that  all  three  major  Rho  GTPases  activities  become  upregulated  in  the  system,  which 
correlates  with  increase  motility  of  the  cells,  suggesting  that  Pten  negatively  controls  cell  motility  by 
down-regulating  Racl  and  Cdc42;  and  (4)  in  an  epithelial  cell  system  to  determine  that  inhibition  of 
Na,K-ATPase  negatively  regulates  RhoA  activity,  which  may  in  turn  affect  the  formation  of  tight 
junctions  and  desmosomes.  These  studies  are  significant  since  the  findings  have  further  confirmed  the 
involvement  of  Rho  GTPases  in  diverse  physiological  situations  that  may  contribute  to  oncogenesis, 
and  have  paved  the  way  for  us  to  examine  the  endogenous  Rho  family  GTPases  in  mitogen-stimulated 
or  oncogene-transformed  mammary  cells  and  in  breast  cancer  specimens  in  the  next  funding  period. 
The  results  obtained  also  strengthened  our  working  hypothesis  that  certain  Rho  GTPases  are 
activated  in  breast  cancer  cells  and  tissues,  and  exploration  of  the  role  Rho  proteins  in  breast  cancer 
development  may  lead  to  novel  anti-cancer  therapeutics. 
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Reprints  and  preprints  of  research  work  supported  by  the  grant  are  enclosed.  Four  manuscripts 
described  in  Reportable  Outcomes  are  included. 
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Genetic  deletion  of  the  Pten  tumor  suppressor  gene  promotes 
cell  motility  by  activation  of  Rad  and  Cdc42  GTPases 

Joanna  Liliental*"'',  Sun  Young  Moon*  Ralf  Lesche*§,  Ramanaiah  Mamillapalli^, 
Darning  Li^,  Yi  Zheng*,  Hong  Sun^  and  Hong  Wu*§ 


Pten  (Phosphatase  and  tensin  homolog  deleted  on 
chromosome  10)  Is  a  recently  identified  tumor 
suppressor  gene  which  is  deleted  or  mutated  in  a 
variety  of  primary  human  cancers  and  in  three  cancer 
predisposition  syndromes  [1].  Pten  regulates 
apoptosis  and  cell  cycle  progression  through  its 
phosphatase  activity  on  phosphatidylinositol  (PI) 
3,4,5-trisphosphate  (PI(3,4,5)P3),  a  product  of  PI 
3-kinase  [2-5].  Pten  has  aiso  been  impiicated  in 
controlling  cell  migration  [6],  but  the  exact  mechanism 
is  not  very  clear.  Using  the  isogenic  Pten+^*  and 
Pten-'-  mouse  fibroblast  lines,  here  we  show  that  Pten 
deficiency  led  to  increased  celi  motility.  Reintroducing 
the  wild-type  Pten,  but  not  the  catalytically  inactive 
Pten  C124S  or  lipid-phosphatase-deficient  Pten  G129E 
mutant,  reduced  the  enhanced  ceil  motility  of  Pten- 
deficient  cells.  Moreover,  phosphorylation  of  the  focal 
adhesion  kinase  p125f'*'^was  not  changed  in  Pten-'- 
cells.  Instead,  significant  increases  in  the  endogenous 
activities  of  Rad  and  Cdc42,  two  smali  GTPases 
involved  In  regulating  the  actin  cytoskeieton  [7],  were 
observed  in  Pten-'-  cells.  Overexpression  of  dominant¬ 
negative  mutant  forms  of  Rad  and  Cdc42  reversed  the 
cell  migration  phenotype  of  Pten-^-  cells.  Thus,  our 
studies  suggest  that  Pten  negatively  controls  cell 
motility  through  its  lipid  phosphatase  activity  by 
down-regulating  Rad  and  Cdc42. 
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Results  and  discussion 

To  te.st  the  role  of  Pten  in  cell  migration,  we  established 
independent  immortalized  fibroblast  lines  from  wild-type 


and  Pfen  deficient  (Pten-P)  mice,  using  the  3T9  protocol  [8]. 
Similar  to  primary  mouse  embryonic  fibroblasts  [4],  the 
immortalized  PtetrP  cell  lines  showed  increased  levels  of 
phosphorylation  of  protein  kinase  B/Akt  compared  to  their 
wild-type  counterparts  and  were  resistant  to  serum-depriva¬ 
tion  induced  apoptosis.  In  contrast  to  our  observation  with 
wild-type  and  PteirP  embryonic  stem  cells  [4],  however,  no 
significant  differences  in  the  rates  of  cell  proliferation  and 
the  levels  of  the  cyclin-dependent  kinase  inhibitor  p27’^”’' 
could  be  detected  between  log-phase  growing  wild-type 
and  Pten-P  fibroblast  cells  (data  not  shown). 

Pten-P  fibroblasts  have  an  increased  cell  motility,  as  shown 
by  a  classic  ‘wound  healing’  assay  (Figure  la,  left  panels) 
[9].  They  were  able  to  completely  close  the  wound  within 
15  hours,  whereas  wild-type  cells  took  almost  30  hours.  To 
demonstrate  that  the  increase  in  cell  migration  is  an  indi¬ 
vidual  cell  based  and  cell  division-independent  event,  we 
employed  a  colloidal-gold  based  motility  assay  [10].  This 
assay  revealed  that  Pten-P  fibroblasts  could  produce  longer 
‘trails’  than  wild-type  cells  in  a  defined  time  period,  indi¬ 
cating  that  Pten-P  cells  indeed  migrate  faster  than  the 
wild-type  cells  (Figure  la,  middle  panels).  In  order  to 
obtain  more  quantitative  measurements  of  the  migration 
distance,  we  employed  a  modified  ‘wound  healing’  assay. 
In  this  assay,  cells  are  first  seeded  on  coverslips,  and  then 
transferred  to  a  new  plate  coated  with  fibronectin.  Upon 
transfer,  cells  migrate  from  the  rim  of  the  coverslip  out¬ 
wards  onto  the  new  plate.  As  shown  in  Figure  la  (right 
panels)  and  quantified  in  Figure  lb  with  independent  cell 
lines,  Pten-P  cells  migrate  almost  twice  as  fast  as  wild-type 
cells.  Moreover,  careful  observation  of  cell  morphology 
revealed  that  PtetrP  fibroblasts  appeared  rounded  and  had 
intense  cortical  F-actin  staining  (Figure  Ic).  Together, 
these  results  suggest  that  Pten  negatively  regulates  signal¬ 
ing  pathways  controlling  cell  migration. 

In  order  to  determine  whether  increased  cell  migration  in 
Pten-P  cells  is  due  to  lack  of  the  Pten  phosphatase  activity 
or  if  other  structural  motifs  may  play  a  role,  we  re-intro¬ 
duced  either  wild-type  Pten  or  Pten  C124S,  a  catalytically 
inactive  mutant,  into  the  Pten-P  cells  by  retrovirus  infec¬ 
tion  [11].  We  used  a  retroviral  vector  that  expresses  the 
gene  of  interest  and  the  green  fluorescent  protein  (GFP) 
as  a  bicistronic  mRNA.  GFP-positive,  thus  T/lfw-express- 
ing,  cells  were  sorted  by  fluorescence  activated  cell  sorting 
(FACS)  following  retroviral  infection.  Wild-type  Pten  and 
the  C124S  mutant  were  expressed  in  comparable  levels  in 
the  sorted  populations  (Figure  2c).  As  shown  in  Figure  2a 
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Figure  1 


Pten-deficient  fibroblasts  migrate  faster  than  wild  type,  (a)  An  equal 
number  of  wild-type  (WT)  or  Pten~^~  fibroblasts  were  seeded  on  a 
fibronectin-coated  plate  and  cultured  for  24  h.  Migration  into  the 
wound  is  shown  1 5  h  after  the  wound  was  introduced  (left  panels; 
open  arrowheads  point  to  the  boundaries  of  the  wound  at  time  =  0). 

In  the  middle  panel,  2  x  1 0^  cells  per  well  were  seeded  on  colloidal 
gold-coated  6-well  dishes  in  duplicates.  Migration  of  wild-type  or 
Pten~'-  fibroblasts  is  shown  at  24  h.  The  scale  bar  represents  1 0  pm. 
In  the  right  panels,  wild-type  or  Pten~'-  fibroblasts  grown  on  glass 
coverslips  were  placed  onto  5  pg/ml  fibronectin-coated  dishes  and 
cultured  for  1 5  h.  (b)  Cell  motility  was  assessed  and  compared  using 
independent  cell  lines.  Migration  distances  were  determined  by  taking 
seven  independent  measurements  from  each  coverslip.  Each 
experiment  was  conducted  in  triplicate,  and  mean  ±  SD  was 
calculated.  The  migration  distance  is  normalized  so  that  1 00% 
represents  migration  distance  of  Pten-'-  cells,  (c)  Pten~'~  cells 
exhibited  increased  cortical  actin  polymerization  as  compared  to  the 
wild-type  cells.  Briefly,  log-phase  growing  fibroblasts  were  cultured 
without  serum  for  20  h.  After  fixation  in  4%  paraformaldehyde,  cells 
were  permeabilized  with  0.2%  Triton  X-1 00  and  stained  for  F-actin 
using  rhodamine-phalloidin  (Molecular  Probes). 


and  quantified  in  Figure  2b,  wild-type  P(e>i,  but  not  the 
C124S  mutant,  could  fully  reverse  the  migration  pheno¬ 
type  of  PteirP  cells,  confirming  that  the  enhanced  motility 
is  directly  due  to  the  lack  of  Pten  phosphatase  activity. 

Recent  studies  suggested  that  PI(3,4,5)P3  is  a  major  sub¬ 
strate  for  Pten  both  in  vitro  [2]  and  in  vivo  [3,4].  Interest¬ 
ingly,  Pten  G129E  is  deficient  for  the  phosphatase  activity 
towards  PI(3,4,5)P3,  while  its  activity  towards  synthetic 
protein  substrates  is  unaffected  [12].  Using  the  Pten 
G129E  mutant,  we  further  tested  whether  Pten  eontrols 
cell  migration  through  its  lipid  phosphatase  activity  or  its 
protein  phosphatase  activities.  Pten  G129E  behaved  simi¬ 
larly  to  the  C124S  mutant  as  they  were  both  unable  to 
rescue  the  migration  phenotype  in  this  assay.  This  experi¬ 
ment  suggests  that  the  enhanced  motility  of  Pte)H~  cells  is 
a  result  of  the  loss  of  Pten  phosphatase  activity,  in  particu¬ 
lar,  its  lipid-phosphatase  activity. 


Figure  2 


Increased  cell  motility  in  Pten~i~  cells  is  due  to  the  lack  of  lipid 
phosphatase  activity  of  Pten.  (a)  Pten~'~  cells  were  infected  with 
retroviral  GFP  vectors  containing  wild-type  Pten  (WT),  G1 29E  (GE),  or 
C124S  (CS)  Pten  mutants.  Control  wild-type  or  Pten~'~  cells  were 
infected  with  viruses  containing  GFP  only.  48  h  later,  GFP  positive 
cells  were  sorted  by  fluorescence-activated  cell  sorting  (FACS), 
seeded  onto  glass  coverslips  in  triplicate,  and  grown  for  an  additional 
5  h.  Cells  on  coverslips  were  then  replaced  onto  a  fibronectin-coated 
surface  and  incubated  for  1 5  h.  (b)  Quantitative  representation  of  (a). 
Cell  migration  is  normalized  so  that  1 00%  represents  the  migration 
distance  of  Pten~'~  cells  infected  by  empty  vector,  (c)  Ren  protein 
levels  in  uninfected  and  infected  cells  after  FACS  sorting.  Western 
blots  of  total  protein  extracts  were  probed  with  an  affinity-purified  anti- 
Ren  antibody.  Blots  were  reprobed  with  anti-FAK  antibody  (Santa 
Cruz  Biotechnology)  to  confirm  equal  loading. 


It  has  been  suggested  that  Pten  negatively  regulates  cell 
migration  by  directly  dephosphorylating  pl25’'^’^  and 
changing  mitogen-activated  protein  (MAP)  kinase  activity 
[6,13].  In  order  to  test  whether  pl25*^''’^  phosphorylation 
and  MAP  kinase  activation  are  also  affected  by  the  loss  of 
Pten.,  we  examined  the  tyrosine  phosphorylation  status  of 
these  proteins.  Whole  cell  lysates  from  log-phase  growing 
wild-type  or  PtetH~  fibroblasts  were  immunoprecipitated 
with  4G10  anti-phosphotyrosine  antibody  and  western 
blotted  with  anti-FAK  antibody  (Figure  3a,  upper  panel),  or 
were  immunoprecipitated  with  anti-FAK  antibody  and 
western  blotted  with  4G10  (Figure  3b,  lower  panel).  In  con¬ 
trast  to  what  would  be  predicted  if  Pten  could  directly 
dephosphorylate  pl25’^^’^,  no  difference  in  tyrosine  phos¬ 
phorylation  of  pi 25*^^^  could  be  detected  in  Ptenrl~  fibro¬ 
blast  lines  compared  to  wild-type  cells.  The  activation  status 
of  MAP  kinases  was  not  affected  by  the  Pten  deletion  either, 
but  the  level  of  Akt  phosphorylation  was  significantly 
increased  in  Pten~l~  fibroblast  cell  lines  (data  not  shown), 
similar  to  what  we  have  observed  previously  in  Pten~l~ 
embryonic  stem  cells  [4].  These  results  suggest  that  the 
enhanced  cell  motility  caused  by  Pten  deficiency  may  be 
mediated  by  effectors  other  than  pl25P^'^  and  MAP  kinases. 


Brief  Communication  403 


Figure  3 


Figure  4 
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Pten  deletion  results  In  activation  of  Rad  and  Cdc42,  but  not  FAK. 

(a)  FAK  phosphorylation  is  not  affected  by  Pten  deletion.  Upper  panel, 
equal  amounts  of  proteins  were  immunoprecipitated  with 
anti-phosphotyrosine  antibody  (4G10,  Upstate  Biotechnology). 
Western  blots  were  probed  with  anti-FAK  antibody.  Bottom  panel, 
anti-FAK  immunoprecipitates  were  western  blotted  with  4G10  (for 
phosphorylated  FAK,  FAK-P)  or  an  anti-FAK  antibody.  rIgG  indicates 
immunoprecipitation  with  a  rabbit  isotype  control  antibody. 

(b)  GST-PAK  binding  is  specific  for  GTP.  F^en~'~  fibroblast  lysates 
were  loaded  with  GTPyS  or  GDP  prior  to  affinity  precipitation  with 
GST  or  GST-PAK  immobilized  on  1 0  pg  glutathione-agarose  beads. 
The  precipitated  proteins  were  analyzed  by  western  blot  with  anti- 
Rad  (Upstate  Biotechnology)  or  anti-Cdc42  (Santa  Cruz 
Biotechnology)  antibody,  respectively.  Results  are  representative  of 
three  independent  experiments,  (c)  The  GST-PAK  precipitates  from 
wild-type  (-h)  and  Pten~^~  (-)  fibroblasts  under  log  phase  growing 
conditions,  along  with  total  cell  lysates,  were  analyzed  by  western  blot 
with  anti-Rad  or  anti-Cdc42  antibodies,  (d)  Wild-type  or  Pten-'~ 
cells,  either  in  suspension  or  adherent,  were  lysed  and  subjected  to 
GST-PAK  affinity  precipitation  analysis.  The  Rad  -GTP  (upper  graph) 
or  Cdc42-GTP  (lower  graph)  activities  detected  by  western  blot  were 
normalized  to  the  amount  of  Rad  or  Cdc42  in  whole  cell  lysates. 
Results  are  means  +  SD  from  three  experiments,  (e)  Pten~^~  cells 
were  treated  with  20  pM  LY294002  (shown  here,  +),  or  50  nM 
wortmannin  (not  shown),  or  DMSO  vehicle  control  (-)  for  6  h  before 
harvesting.  Cell  lysates  were  precipitated  with  GST-PAK  and  blotted 
with  anti-Rad  or  anti-Cdc42  antibodies,  respectively.  In  parallel, 
aliquots  of  cell  lysates  were  analyzed  with  anti-phospho-Akt  antibody 
(New  England  Biolabs). 


As  increased  cell  motility  is  associated  with  a  deficiency  in 
Pten  lipid-phosphatase  activity,  and  cells  in  which  Pun  is 
genetically  deleted  contain  elevated  levels  of  PI(3,4,5)P3 
[3,4],  we  next  examined  whether  activation  of  known 


Increased  motility  of  Pten~^~  cells  can  be  reversed  by  expression  of 
dominant-negative  (DN)  Rad  and  Cdc42,  but  not  RhoA.  Cell  motility 
was  assessed  by  directly  measuring  the  migration  distance  1 5  h  after 
plating,  and  presented  as  an  average  of  three  independent 
experiments.  WT,  wild-type  constructs  were  expressed;  GFP,  a  GFP- 
expressing  vector  only  was  expressed. 


downstream  PI(3,4,5)P3  effectors  might  be  responsible  for 
the  increased  cell  migration  phenotype  in  Pterr^"  cells. 
Activation  of  Cdc42  and  Racl  has  been  implicated  in  pro¬ 
moting  eell  migration  [7]  and  their  GDP/GTP  exchange 
factors  (GEFs)  can  be  activated  in  a  PI(3,4,5)P3-depen- 
dent  manner  [14,15].  We  therefore  examined  whether 
Pten  deficiency  leads  to  changes  in  the  Racl  and  Cdc42 
activities.  In  this  assay,  the  p21-binding  domain  of  PAKl 
was  expressed  as  a  GST-fusion  protein.  GST-PAKl  can 
specifically  recognize  Racl-GTP  or  Cdc42-GTP  forms, 
but  not  GDP-bound  forms,  suggesting  that  the  affinity 
precipitation  assay  is  specific  and  effective  in  assessing  the 
activation  states  of  Racl  and  Cdc42  (Figure  3b).  We  then 
examined  the  level  of  endogenous  GTP-bound  forms  of 
Racl  or  Cdc42  in  Pterrl~  cells  and  wild-type  cells.  As 
shown  in  Figure  3c,  there  are  marked  increases  of  the 
GTP-bound  forms  of  Racl  and  Cdc42  in  logarithmically 
growing  Pten~l~  cells  compared  to  wild-type  cells,  although 
the  total  protein  levels  are  not  affected  by  the  Pten  status. 
As  PI(3,4,5)P3  levels  were  highly  sensitive  to  growth  con¬ 
ditions  [4],  we  also  examined  the  Racl  and  Cdc42  activi¬ 
ties  in  unfavorable  confluent  culture  conditions.  There  is  a 
notable  -30%  increase  in  Racl-GTP  content  and  a  -50% 
increase  in  Cdc42-GTP  content  compared  to  the  wild- 
type  cells  (Figure  3d).  When  similar  assays  were  per¬ 
formed  using  suspended  cell  cultures  which  lack  the 
adherent  stimuli,  -60%  and  -130%  increases  of 
Racl-GTP  and  Cdc42-GTP  forms,  respectively,  were 
observed  (Figure  3d,  suspension).  The  extent  of  elevation 
in  the  endogenous  Cdc42  and  Racl  activities  in  Pten~l~ 
cells  were  consistent  when  independent  cell  lines  were 
used,  and  reintroducing  wild-type  Pten  into  Ptetr^l"  cells 
led  to  a  decrease  in  the  GTP-bound  forms  of  Racl  and 
Cdc42  (data  not  shown). 
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Recent  experiments  demonstrated  that  a  correlation  exists 
between  activation  of  the  activity  of  PI  3-kinase  and  the 
activities  of  Racl  and  Cdc42  [14-17].  However,  whether 
PI  3-kinase  functions  downstream  or  upstream  of  Racl 
and  Cdc42  remains  unclear.  To  test  whether  Racl  and 
Cdc42  were  activated  in  a  PI  3-kinase  dependent  manner, 
we  treated  PteiH~  cells  with  the  PI  3-kinase  inhibitor 
LY294002  or  wortmannin.  Figure  3e  shows  that  the  activi¬ 
ties  of  Racl  and  Cdc42  dramatically  decrease  upon  treat¬ 
ment  with  PI  3-kinase  inhibitors,  indicating  that  similar  to 
Akt,  Racl  and  Gdc42  activation  in  PteiH~  cells  is  down¬ 
stream  of  PI  3-kinase. 

'Fo  formally  prove  that  the  elevated  endogenous  activities 
of  Racl  and  Cdc42  in  PteirP  cells  are  responsible  for  the 
increased  cell  migration  phenotype,  we  introduced  either 
wild-type  or  dominant  negative  forms  of  Racl  (N17Racl) 
and  Cdc42  (N17Cdc42)  into  PteirP  cells  by  retroviral  infec¬ 
tion.  These  mutants  arc  thought  to  act  by  sequestering 
specific  GEFs  necessary  for  activation  of  Racl  and  Cdc42, 
preventing  their  functions.  Figure  4  shows  that  expression 
of  N17Racl  and  N17Cdc42  in  PtetrP  cells  could  reverse 
the  cell  migration  phenotype  by  100%  and  50%,  respec¬ 
tively.  The  less  efficient  reversion  by  N17Cdc42  is  not  due 
to  the  lower  expression  level  (data  not  shown),  but  could 
reflect  the  suggested  hierarchical  relationship  between 
Racl  and  Cdc42,  where  Cdc42  is  thought  to  function 
upstream  of  Racl  [7].  As  a  control  for  the  specificity  of 
these  GTPases,  we  also  expressed  the  dominant  negative 
form  of  RhoA  (N19RhoA),  a  GTPase  involved  in  focal 
adhesion  and  stress  fiber  formation  [18,19].  No  effect  on 
the  migration  of  Pten~P  fibroblasts  was  observed  with 
N19RhoA,  or  with  the  wild-type  Rho  GTPases  (Figure  4). 
These  results  indicate  that  Racl  and  Cdc42  serve  as  down¬ 
stream  effectors  of  Pten  in  the  regulation  of  cell  migration. 

In  summary,  we  show  that  inactivation  of  the  Pteu  tumor 
suppressor  gene  promotes  cell  motility  in  fibroblasts.  In 
contrast  to  previous  reports  that  Pten  negatively  regulates 
cell  migration  by  directly  dephosphorylating  plZS'"''*^  and 
changing  MAP  kinase  activities,  we  demonstrate  geneti¬ 
cally  that  the  tumor  suppressor  Pten  controls  cell  motility 
by  down  regulating  Racl  and  Cdc42  GTPases,  and  this 
negative  regulation  is  dependent  on  the  lipid  phosphatase 
activity  of  Pten.  In  combination  with  our  previous  work 
and  other  studies,  we  suggest  that  Pten  exerts  its  tumor 
suppressor  function  not  only  at  the  stage  of  tumor  initia¬ 
tion,  but  also  in  tumor  progression  and  metastasis. 

Supplementary  material 

Supplementary  material  including  additional  methodological  details  is 
available  at  http://current-biology,com/supmat/supmatin.htm. 
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The  dbl  oncogene  encodes  a  prototype  member  of  the  Rho  GTPase  guanine  nucleotide  exchange  factor  (GEF) 
family.  Oncogenic  activation  of  proto-Dbl  occurs  through  truncation  of  the  N-terminal  497  residues.  The 
C-terminal  half  of  proto-Dbl  includes  residues  498  to  680  and  710  to  815,  which  fold  into  the  Dbl  homology 
(DH)  domain  and  the  pleckstrin  homology  (PH)  domain,  respectively,  both  of  which  are  essential  for  cell 
transformation  via  the  Rho  GEF  activity  or  cytoskeletal  targeting  function.  Here  we  have  investigated  the 
mechanism  of  the  apparent  negative  regulation  of  proto-Dbl  imposed  by  the  N-terminal  sequences.  Deletion  of 
the  N-terminal  285  or  C-terminal  100  residues  of  proto-Dbl  did  not  significantly  affect  either  its  transforming 
activity  or  GEF  activity,  while  removal  of  the  N-terminal  348  amino  acids  resulted  in  a  significant  increase  in 
both  transformation  and  GEF  potential.  Proto-Dbl  displayed  a  mostly  perinuclear  distribution  pattern,  similar 
to  a  polypeptide  derived  from  its  N-terminal  sequences,  whereas  onco-Dbl  colocalized  with  actln  stress  fibers, 
like  the  PH  domain.  Coexpression  of  the  N-terminal  482  residues  with  onco-Dbl  resulted  in  disruption  of  its 
cytoskeletal  localization  and  led  to  inhibition  of  onco-Dbl  transforming  activity.  The  apparent  interference  vnth 
the  DH  and  PH  functions  by  the  N-terminal  sequences  can  be  rationalized  by  the  observation  that  the 
N-terminal  482  residues  or  a  fragment  containing  residues  286  to  482  binds  specifically  to  the  PH  domain, 
limiting  the  access  of  Rho  GTPases  to  the  catalytic  DH  domain  and  masking  the  intracellular  targeting 
function  of  the  PH  domain.  Taken  together,  our  findings  unveiled  an  autoinhibitory  mode  of  regulation  of 
proto-Dbl  that  is  mediated  by  the  intramolecular  interaction  between  its  N-terminal  sequences  and  PH 
domain,  directly  impacting  both  the  GEF  function  and  intracellular  distribution. 


The  proto-Dbl  protein  is  the  prototype  member  of  a  large 
family  of  guanine  nucleotide  exchange  factors  (GEFs)  for  Rho 
GTPases  (8,  50).  Oncogenic  activation  of  proto-Dbl  occurs  by 
truncation  of  the  amino-terminal  497  residues  (41),  resulting  in 
constitutively  active  carboxyl-terminal  sequences  that  include  a 
Dbl  homology  (DH)  domain  in  tandem  with  a  pleckstrin  ho¬ 
mology  (PH)  domain,  the  conserved  motifs  of  the  Dbl  family. 
Many  members  of  this  family,  including  Vav,  Ect2,  Tim,  Ost, 
Dbs,  Lbc,  Lfc,  Esc,  and  Net,  possess  transformation  or  invasion 
ability,  similar  to  onco-Dbl  upon  activation.  In  many  cases,  the 
DH-PH  module  represents  the  minimum  structural  unit  that  is 
required  for  cell  transformation  (8,  50). 

A  large  body  of  evidence  has  helped  establish  that  the  bio¬ 
logical  functions  of  Dbl  family  members  are  intimately  de¬ 
pendent  upon  their  ability  to  interact  with  and  activate  Rho 
GTPases  and  that  the  cellular  effects  of  Dbl-like  proteins, 
including  actin  cytoskeletal  reorganization,  cell  growth  stimu¬ 
lation,  and  transformation,  are  likely  the  consequences  of  co¬ 
ordinated  action  of  their  immediate  downstream  substrates, 
the  Rho  family  GTPases  (8,  47,  50).  The  evidence  includes  the 
findings  that  Dbl  family  oncoprotein-induced  foci  are  morpho¬ 
logically  similar  to  those  transformed  by  constitutively  acti¬ 
vated  Rho  GTPases  but  distinct  from  that  seen  when  cells  are 
transformed  by  Ras,  Raf,  or  Sre  (23);  coexpression  of  Dbl 
family  members  with  dominant  negative  mutants  of  Rho  family 
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GTPases  blocks  their  transforming  activity  (20,  23,  32,  52); 
mutants  of  the  GEFs  that  are  no  longer  able  to  interact  or 
activate  Rho  protein  substrates  behave  dominant-negatively  in 
cells  (46,  54);  and  many  cellular  activities  induced  by  Dbl 
family  proteins,  such  as  actin  cytoskeleton  reorganization, 
c-Jun  kinase  (JNK)  activation,  SRF  transcriptional  activation, 
and  NF-kB  activation,  are  associated  with  the  activation  of 
signaling  pathways  known  to  be  mediated  by  the  Rho  GTPase 
effector  targets  (24,  30,  36,  48).  Therefore,  the  ability  to  inter¬ 
act  and  activate  Rho  proteins  is  essential  for  Dbl  family  func¬ 
tions. 

Current  biochemical  and  structural  data  have  pointed  to  the 
conserved  structural  motif  of  the  Dbl  family,  the  DH  domain, 
as  the  primary  interactive  site  with  Rho  GTPases  (2,  20,  31, 44, 
54).  The  DH  domain  does  not  have  significant  sequence  ho¬ 
mology  with  other  subtypes  of  small  GTPase  activators  such  as 
the  Cdc25  domain  and  Sec7  domain,  which  are  specific  to  Ras 
and  ARF,  respectively  (6,  14),  indicating  that  the  DH-Rho 
protein  interaction  employs  a  distinct  mechanism  (9).  Dele¬ 
tions  or  mutations  within  the  DH  domain  have  been  reported 
to  result  in  loss  of  GEF  activity  and  cellular  functions  by  the 
GEFs  (20, 40, 43, 54, 55),  suggesting  that  an  intact  DH  domain, 
likely  its  Rho  GTPase-interactive  ability,  is  critical  for  the 
cellular  effects  of  Dbl  family  members. 

The  invariable  location  of  a  PH  domain  immediately  C- 
terminal  to  the  DH  domain  of  the  Dbl  family  GEFs  suggests  a 
functional  interdependence  between  the  two  domains.  Indeed, 
a  regulatory  role  of  the  PH  domain  in  the  function  of  Dbl 
family  members  has  been  recognized.  Derivatives  of  the  Dbl 
family  members  onco-Dbl,  Lbc,  Lfc,  and  Dbs  that  are  trun- 
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cated  within  the  PH  domain  are  impaired  in  their  transforming 
activity  (38,  48,  49,  53).  In  these  cases,  the  PH  domain  was 
found  to  promote  the  translocation  of  the  Dbl  family  pro¬ 
teins  to  the  plasma  membrane  or  cytoskeleton,  where  the 
Rho  GTPase  substrates  reside.  It  is  therefore  likely  that  the 
PH  domain  of  the  Dbl  proteins,  acting  similarly  to  the  SH2/ 
SH3  domains  in  the  Ras  pathway  (10,  39),  serves  to  bring  the 
catalytic  DH  domain  to  specific  intracellular  locations  to 
effectively  activate  the  Rho  GTPases. 

Many  members  of  the  Dbl  family  appear  to  exist  in  an 
inactive,  basal  state  prior  to  full  activation.  The  incoming  up¬ 
stream  signals,  such  as  the  heterotrimeric  G-protein  Ga  and 
GPy  subunits,  protein  tyrosine  or  serine/threonine  kinases, 
adaptor  or  scaffolding  proteins,  and  phosphoinositol  lipids, 
may  contribute  in  varying  degrees  to  GEF  activation  processes 
(12,  13,  18,  19,  26,  34,  46).  The  best-understood  example  of 
self-regulation  among  the  family  members  is  the  proto-Vav 
protein.  The  N-terminal  autoinhibitory  extension  of  proto-Vav 
forms  an  a-helix  that  binds  in  the  DH  domain  active  site 
through  direct  contact  with  the  Rho  GTPase  binding  pocket, 
blocking  access  to  GTPases  (3).  Phosphorylation  of  Tyrl74, 
which  is  an  integral  part  of  the  autoinhibition  interface,  by  Syk 
or  Sre-like  kinases  causes  the  N-terminal  peptide  to  become 
unstructured  and  released  from  the  DH  domain,  resulting  in 
proto-Vav  activation  (3).  The  yeast  Dbl  family  member  Cdc24, 
which  is  a  Cdc42-specific  GEF,  forms  a  protein  complex  with 
the  scaffolding  molecule  Far!  and  the  GP7  subunits  to  mediate 
the  mating  response  of  Saccharomyces  cerevisiae  (34).  Mam¬ 
malian  pll5RhoGEF  beeomes  activated  as  a  Rho  GEF  upon 
Ga,3  binding  to  its  N-terminal  RGS  domain,  suggesting  that 
the  coupling  between  a  Ga  and  pi  15Rho  GEF  may  relieve  the 
intrinsie  constraint  of  the  DH  domain  (19).  Moreover,  phos¬ 
phorylation  of  the  Racl -specific  GEF  Tiaml  by  Ca^"*" /calmod¬ 
ulin-dependent  protein  kinase  II  has  been  shown  to  lead  to  its 
translocation  to  the  plasma  membrane  and  activation  (13), 
possibly  by  interference  of  the  PH  domain  function  of  Tiaml, 
which  has  previously  been  demonstrated  to  determine  its  sub- 
cellular  location  (45).  These  cases  suggest  that  the  Dbl  family 
GEFs  employ  a  diverse  range  of  self-regulatory  mechanisms  to 
maintain  themselves  in  the  basal  state. 

Proto-Dbl  activation  occurs  through  truncation  of  N-termi¬ 
nal  497  amino  acids  (42),  suggesting  that  the  N-tcrminal  half  of 
the  molecule  contains  a  negative  regulatory  element(s)  for  the 
C-terminal  DH-PH  functional  module.  A  previous  database 
search  found  limited  similarities  between  the  N  terminus  of 
proto-Dbl  and  the  intermediate  filament  protein  vimentin, 
spanning  a  300-amino-aeid  region  which  was  predicted  to  con¬ 
sist  of  an  extended  a-helical  coilcd-coil  structure  (41).  How¬ 
ever,  where  the  inhibitory  function  resides  upstream  of  the  DH 
domain  (residues  498  to  690)  and  how  the  N  terminus  exerts 
the  inhibitory  function  remain  unclear.  In  the  present  article, 
we  report  the  finding  that  proto-Dbl  protein  involves  an  in¬ 
tramolecular  interaction  between  the  N  terminus  and  the  PH 
domain  to  maintain  an  autoinhibited,  inactive  state.  The  N- 
and  C-terminal  domain  interaction  effectively  limits  the  access 
of  the  Rho  GTPase  substrates  RhoA  and  Cdc42  to  the  catalytic 
site  of  the  DH  domain  and  masks  the  intracellular  targeting 
function  of  the  PH  domain,  resulting  in  suppression  of  its  GEF 
function  and  a  unique  perinuclear  localization  pattern  in  cells. 
Such  an  autoinhibition  state  prevents  proto-Dbl  from  trans¬ 


forming  cells,  and  presents  a  basal  mode  that  could  be  subject 
to  modulation  by  a  variety  of  upstream  signals. 

MATERIALS  AND  METHODS 

Construction  of  mutant  proto-Dbl  cDNAs.  Constructs  pZipneo-onco-Dbl, 
pZipneoGST-DH-PH,  pKH3-DH-PH,  pKH3-Cdc42,  and  KH3-RhoA  were  gen¬ 
erated  as  described  before  (54).  Various  proto-Dbl  truncation  mutants,  including 
T1'T7,  N1-N4,  and  the  DH  and  PH  domains  (Fig.  lA),  were  generated  by  PCR 
cloning  using  the  high-fidelity  Pfu  DNA  polymerase  (Stratagene)  as  described 
(28).  The  resulting  constructs  in  the  pZipneo  vector  were  subsequently  sequence 
proofed  by  automated  fluorescence  sequencing.  The  cDNAs  encoding  T1-T7, 
DH-PH,  DH,  or  PH  were  subcloned  into  the  pKH3  vector  for  expression  as  the 
trihcmagglutinin  (HA3)-tagged  proteins  in  Cos-7  cells.  The  Myc-tagged  N2  and 
Flag-tagged  N1  constructs  were  generated  by  subcloning  the  corresponding 
cDNA  sequences  to  the  pCMV6  and  pCMV2B  vectors,  respectively.  The  BamWl 
fragments  encoding  Tl,  Nl,  and  the  DH-PH  module  were  also  subcloned  into 
the  BglU  and  BamHl  sites  of  pVL1392  vector  together  with  the  cDNAs  encoding 
the  glutathione  5-transferase  (GST)  or  HiS(^  sequences  for  insect  cell  expression 
(51).  The  N2,  N3,  and  N4  cDNAs  were  subcloned  into  the  BamHl  and  E'coRI 
sites  of  the  pGEX-2T  vector  for  expression  in  Escherichia  coli  as  GST  fusions. 
The  pSR-lbc  and  pSR-v-ras  plasmids  used  for  the  transformation  assays  were 
described  before  (52). 

Expression  of  recombinant  proteins  in  E.  coli  and  insect  cells.  Expression  and 
purification  of  GST  fusion  small  GTP-binding  proteins  (GST-Cdc42,  GST- 
RhoA,  GST-N17Cdc42,  and  GST'-N19RhoA)  from  pGEX  vector-transformed 
E.  coli  were  carried  out  as  described  previously  (20).  Production  of  GST-N2,  -N3, 
and  'N4  and  the  GST-PH  domain  of  Dbl  in  E.  coli  was  carried  out  similarly. 
Production  and  purification  of  the  Sf9  insect  cell  expressed  His,-, -tagged  Tl, 
DH-PH  module,  or  Nl  polypeptide  were  performed  as  described  (51).  The 
concentration  and  integrity  of  purified  proteins  were  estimated  by  Coomassie 
blue  staining  after  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
(SDS-PAGE). 

Cell  culture  and  transfection.  Cells  were  maintained  in  Dulbecco’s  modified 
Eagle’s  medium  (DMEM)  supplemented  with  10%  calf  serum  (NIH  3T3)  or 
10%  fetal  bovine  serum  (Cos-7).  Transfections  were  carried  out  using  the  Lipo- 
fectamine  reagent  (Gibco  Life  Sciences,  Inc.).  To  generate  stable  cell  lines,  NIH 
3T3  cells  were  transfected  with  pZipneoGST  constructs  or  a  combination  of  the 
pKH3  construct  with  pCMV2B  vector  (Stratagene),  which  contains  a  neomycin 
resistance  selection  marker  and  were  selected  in  DMEM  supplemented  with  5% 
calf  scrum  and  G418  (350  |xg/ml).  The  drug-resistant  colonies  were  cloned  and 
subculturcd  in  the  same  medium  after  18  days. 

To  assay  transforming  activity,  NIH  3T3  cells  were  transfected  with  the 
pZipnco-proto-Dbl  constructs  onco-Dbl  and  Ihc  or  v-ras  cDNA  by  the  calcium 
pho.sphate  method  as  de.scribcd  (53).  For  inhibition  assays,  different  doses  of  the 
cDNAs  encoding  the  N-terminal  polypeptide  Nl  or  N2  in  the  pCEFL  vector  or 
the  pCEFL  vector  alone  were  cotransfected  with  onco-Dbl,  Ibc,  or  v-ras  cDNAs 
into  the  cells.  The  transfected  NIH  3T3  cells  were  fed  every  2  days  with  fresh 
DMEM  supplemented  with  10%  calf  scrum.  At  12  to  14  days  posttransfection, 
the  cell  culture  dishes  were  either  visualized  directly  under  the  microscope  for 
focus  formation  or  stained  with  a  2%  solution  of  Giemsa  for  focus  scoring  (53). 

In  vitro  GDP/GTP  exchange  assay.  The  time  courses  for  ['^H]GDP/GTP  ex¬ 
change  of  Rho  family  GTPases  in  the  presence  and  absence  of  purified  HiSf,- 
(agged  or  HA3-tagged  proto-Dbl  mutants  were  determined  as  previously  de¬ 
scribed  using  the  nitrocellulose  filtration  method  (51).  The  GEF  reaction  buffer 
contains  pHJGDP-Ioaded  Cdc42  with  20  mM  Tris-HCl  (pH  7.6),  100  mM  NaCl, 
10  mM  MgCU,  0.5  mM  GTP,  and  1  mM  dithiothreitol  (DTT)  supplemented  with 
various  proto-Dbl  mutants. 

Complex  formation  and  immunoprecipitation.  Cos-7  cells  were  transfected 
with  various  proto-Dbl  constructs  or  the  N-terminal  polypeptide  Nl  by  the 
Lipofcctamine  method  (54).  At  48  h  posttransfection,  complex  formation  be¬ 
tween  the  HA3-tagged  proto-Dbl  mutants  and  GST-fused  dominant  negative 
Cdc42  (N17Cdc42)  were  carried  out  by  incubation  of  the  mutant  proto-Dbl- 
expressing  cell  lysates  with  the  immobilized  GST  fusion  proteins  (54).  Complex 
formation  between  GST-Nl,  GST-N2,  GST-N3,  or  GST-N4  and  the  DH-PH, 
DH,  or  PH  protein  or  between  the  GST-PH  domain  and  the  HA3-NI  polypep¬ 
tide  were  carried  out  similarly.  The  coprccipitation  complexes  were  probed  with 
anti-HA  monoclonal  antibody  and  visualized  with  chemiluminisccnce  reagents 
(Amersham  Pharmacia).  To  detect  coimmunoprecipitation  between  the  N2  poly¬ 
peptide  and  various  Dbl  mutants,  the  Myc-N2-encoding  cDNAs  in  vector 
pCMV6  were  cotransfected  with  the  DH-PH,  DH,  or  PH  construct  in  the  pKH3 
vector  into  Cos-7  cells,  and  the  cell  lysates  were  subjected  to  anti-HA  immuno- 
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precipitation  with  an  anti-HA  monoclonal  antibody  immobilized  on  agarose 
beads  (Roche  Biochcmicals).  The  coprecipitates  were  washed  three  times  before 
being  probed  with  anti-HA  or  anti-Myc  in  Western  blots. 

In  vivo  Rho  GTPase  activation  assay.  The  glutathione-agarose-immobilized 
GST-PAKl,  which  contains  the  p21-binding  domain  (PBD)  of  human  PAKl 


FIG.  1.  N  terminus  of  proto-Dbl  contains  an  inhibitory  motif  for 
transforming  activity.  (A)  Schematic  representation  of  the  structures 
of  proto-Dbl,  onco-Dbl,  and  various  deletion  mutants.  Numbering 
refers  to  proto-Dbl  sequences.  (B)  Focus-forming  activities  of  various 
proto-Dbl  constructs  in  NIH  3T3  cells.  The  cDNAs  encoding  various 
proto-Dbl  mutants  were  cloned  into  plasmid  pZipneo-GST  and  trans¬ 
fected  into  NIH  3T3  cells  (0.1  ixg/60-mm  dish).  At  14  days  posttrans- 
fection,  the  number  of  foci  was  quantified  visually  after  crystal  violet 
staining. 


(residues  51  to  135),  and  GST-PKN,  which  contains  the  site  required  for 
RhoA-GTP  recognition  of  protein  kinase  N  (residues  1  to  128),  were  expressed 
and  purified  in  E.  coli  by  using  the  pGEX-KG  vector  as  previously  described  (29). 
The  active,  GTP-bound  form  of  Cdc42  or  RhoA  in  fresh  Cos-7  cell  lysates 
coexpressing  the  small  GTPase  and  various  proto-Dbl  constructs  was  captured  by 
incubation  with  the  GST-fused  effector  domains  for  40  min  at  4°C  (54). 

Fluorescence  microscopy.  Log-phase  growing  fibroblasts  were  seeded  at  a 
density  of  3  X  10^  cells  per  12-mm  round  coverslip  (Fisher  Scientific)  overnight 
before  fixation  in  phosphate-buffered  saline  containing  4%  paraformaldehyde 
for  10  min  at  room  temperature.  The  cells  were  permeabilized  in  Tris-buflfered 
saline  containing  0.2%  Triton  X-IOO  for  5  min  and  double  stained  for  HA-tagged 
protein  and  F-actin  using  anti-HA  monoclonal  antibody  and  rhodamine-phalloi- 
din  (Molecular  Probes).  Coverslips  were  mounted  onto  slides  in  50%  glycerol- 
Tris-buffered  saline.  Stained  cells  were  analyzed  with  a  conventional  fluorescence 
microscope  and  a  Zeiss  confocal  microscope  (54). 
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RESULTS 

Effect  of  deletion  mutations  on  proto-Dbl  transforming 
activity.  To  delineate  a  possible  structural  motif  embedded 
within  the  N-terminal  sequences  that  confers  an  inhibitory 
function,  we  generated  a  series  of  deletion  mutants  of  proto- 
Dbl  in  which  the  N-terminal  101, 171,  285,  348, 407, 442,  or  497 
residues  and/or  the  C-terminal  100  amino  acids  (T1  to  T7  and 
DH-PH)  were  removed  while  leaving  the  DH-PH  module  in¬ 
tact  (Fig.  lA).  To  evaluate  the  transforming  potential  of  these 
proto-Dbl  constructs,  the  respective  cDNAs  were  cloned  into 
the  mammalian  pZipneo  vector  and  transfected  into  NIH  3T3 
cells.  As  positive  and  negative  controls,  pZipneo-proto-Dbl, 
pZipneo-onco-Dbl,  and  the  pZipneo  vector  alone  were  tested 
in  parallel. 

As  shown  in  Fig.  IB,  under  assay  conditions  in  which  proto- 
Dbl  displayed  1  to  2%  of  the  transforming  activity  of  onco-Dbl, 
the  vector  alone  consistently  yielded  null  foci.  Deletion  of  the 
C-terminal  100  residues  from  proto-Dbl  (Tl)  yielded  a  similar 
number  of  foci  as  proto-Dbl  itself,  indicating  that  the  C-termi- 
nal  sequences  after  the  PH  domain  do  not  contribute  directly 
to  proto-Dbl  regulation.  Sequential  removal  of  the  N-terminal 
sequences,  however,  apparently  unleashed  the  transforming 
activity  in  a  two-step  manner:  the  T2,  T3,  and  T4  constructs, 
which  lack  the  N-terminal  101,  171,  and  285  residues,  respec¬ 
tively,  displayed  a  minor  increase  in  transforming  activity,  with 
7  to  9%  of  the  transforming  activity  of  onco-Dbl,  whereas 
further  truncation  to  residue  348,  407,  or  442  (T5,  T6,  and  T7, 
respectively)  resulted  in  significant  activation  of  transforming 
activity  indistinguishable  from  that  of  onco-Dbl.  Since  the  de¬ 
letion  mutants  were  expressed  equally  well  in  NIH  3T3  cells 
and  Cos-7  cells,  giving  rise  to  polypeptides  of  the  expected 
molecular  weights  (data  not  shown;  see  Western  blots  de¬ 
scribed  below),  the  differences  between  the  mutants  in  trans¬ 
formation  are  likely  to  reflect  the  true  biological  activities  in 
cells  rather  than  their  differences  in  stability.  Consistent  with  a 
previous  observation  (20),  the  DH-PH  module  (residues  498  to 
825)  behaved  like  onco-Dbl  (Fig.  IB),  implying  that  the  DH 
and  PH  domains  together  constitute  the  structural  module 
sufficient  for  maximum  transforming  activity.  These  results 
suggest  that  the  extreme  N  terminus  (residues  1  to  101)  of 
proto-Dbl  contains  a  minor  negative  regulatory  element  and 
that  sequences  between  residues  286  and  348  contain  an  addi¬ 
tional  element(s)  that  is  involved  in  imposing  a  major  con¬ 
straining  effect  on  the  oncogenic  activity  of  the  subsequent 
DH-PH  module. 

Effect  of  deletion  mutations  on  the  GEE  activity  of  proto-Dbl 
protein.  The  transforming  activity  of  onco-Dbl  was  found  to 
correlate  closely  with  its  Rho  GEF  activity  (54).  We  pondered 
whether  proto-Dbl,  under  the  constraint  of  the  N-terminal 
sequences,  is  defective  in  functioning  as  a  GEF  for  Cdc42  and 
RhoA,  resulting  in  the  apparent  suppression  of  transforming 
activity.  To  this  end,  the  Tl  mutant,  which  bears  the  C-terminal 
100-amino-acid  truncation  and  functions  like  proto-Dbl  in 
transformation  assays,  and  the  DH-PH  module,  which  mimics 
onco-Dbl  in  both  GEF  catalysis  and  transformation  ability 
(20),  were  expressed  in  Sf9  insect  cells  as  His^-tagged  fusion 
proteins  and  purified  by  Ni^^-agarose  affinity  chromatography. 
When  equal  molar  amounts  of  Hisg-Tl  and  HiSg-DH-PH  were 
assayed  for  the  ability  to  stimulate  ["'HJGDP/GTP  exchange  of 


Cdc42,  we  observed  that  while  DH-PH  was  very  efficient  in 
accelerating  the  GEF  reaction,  such  that  over  90%  of  bound 
pHjGDP  was  dissociated  from  Cdc42  within  5  min  under  its 
stimulation,  Tl  was  only  marginally  active  in  stimulating  the 
GEF  reaction,  such  that  only  —10%  of  Cdc42-bound  [^HjGDP 
was  replaced  by  GTP  within  the  same  time  period  eompared 
with  that  in  the  absence  of  Tl  (Fig.  2A).  Thus,  the  N-terminal 
sequences  of  proto-Dbl  negatively  regulate  the  GEF  activity  of 
the  DH-PH  module. 

Next,  we  examined  the  catalytic  GEF  activity  of  a  panel  of 
proto-Dbl  mutants  on  Cdc42  in  vitro.  The  Tl,  T4,  T5,  T6,  and 
DH-PH  cDNAs  in  the  pKH3  vector,  which  provides  an  HAj 
tag  at  the  N  terminus,  were  transiently  expressed  in  Cos-7  cells, 
and  the  proteins  were  purified  by  immunoprecipitation  from 
the  cell  lysates  by  using  anti-HA  agarose  beads.  Upon  elution 
by  HA  peptides,  the  purified  deletion  mutants  were  analyzed 
by  anti-HA  Western  blot,  and  the  amount  of  each  protein  was 
visualized  by  chemiluminiscence  imaging  of  the  blot  (Fig.  2B). 
While  the  T5  and  T6  mutants,  which  lacked  the  N-terminal  348 
and  407  residues,  respectively,  showed  activities  in  stimulat¬ 
ing  [^H]GDP  dissociation  from  Cdc42  similar  to  that  of  the 
DH-PH  module,  Tl  and  T4,  which  contain  an  intact  N  termi¬ 
nus  or  residues  286  to  825,  respectively,  were  comparable  in 
displaying  a  significantly  weaker  GEF  activity  at  equal  molar 
quantities  (Fig.  2C).  These  results  indicate  that  the  N-terminal 
sequences  directly  impose  an  inhibitory  effect  on  the  GEF 
activity  of  the  DH-PH  module.  To  test  if  the  N  terminus 
interacts  with  the  catalytic  DH  domain,  resulting  in  inhibition, 
the  N1  polypeptide  encoding  residues  1  to  482  was  generated 
in  Sf9  insect  cells  as  a  GST  fusion  and  included  in  the  GEF 
activity  assays  with  the  DH-PH  module.  As  shown  in  Fig.  2D, 
no  detectable  effect  was  observed  when  a  fourfold  molar  excess 
of  GST-Nl  was  present  together  with  the  DH-PH  module  in 
stimulating  [^HJGDP  dissociation  from  Cdc42  compared  with 
DH-PH  alone.  We  conclude  that  the  N  terminus  of  proto-Dbl 
interferes  with  the  GEF  function  through  a  mechanism  other 
than  direct  blockage  of  substrate  binding  to  the  DH  domain  as 
is  the  case  with  Vav  (3). 

To  determine  the  Rho  GTP  ase  exchange  potential  of  the 
mutants  in  cells,  the  HA-tagged  proto-Dbl  mutants  were  tran¬ 
siently  cotransfected  with  HA-tagged,  wild-type  Cdc42  or  RhoA 
in  Cos-7  cells.  The  expression  level  of  the  mutants  and  Cdc42 
or  RhoA  could  be  directly  compared  (Fig.  3).  The  relative 
amounts  of  activated  GTPases  in  the  cell  lysates  were  mea¬ 
sured  by  GST-PAKl  or  GST-PKN  pull-down,  which  specifi¬ 
cally  recognizes  and  stabilizes  the  GTP-bound  form  of  Cdc42 
or  RhoA  (29).  As  shown  in  Fig.  3,  both  the  Tl  and  T4  mutants 
demonstrated  significantly  lower  Cdc42  activating  potential, 
while  T5  and  T6  were  similar  to  the  DH-PH  module  in  their 
ability  to  generate  Cde42-GTP.  Similar  observations  were  also 
made  when  RhoA  was  examined  as  an  in  vivo  substrate 
(data  not  shown).  These  results  indicate  that  the  cellular  Rho 
GTPase-activating  potential  of  the  proto-Dbl  mutants  corre¬ 
lates  with  their  in  vitro  GEF  activity.  This  pattern  of  GEF 
activity  and  the  Rho  protein-activating  potential  of  the  mutants 
are  reminiscent  of  the  above-described  transforming  abilities 
of  the  mutants  (Fig.  IB).  We  deduce  from  these  results  that  the 
sequences  between  residues  286  and  348  contain  the  critical 
structural  element(s)  that  appears  to  hinder  the  GEF  function 
of  the  DH-PH  module  and  that  the  lack  of  transforming  ac- 
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FIG.  2.  GEF  activity  of  proto-Dbl  is  negatively  regulated  by  the  presence  of  the  N-terminal  sequences.  (A)  Time  courses  of  [^H]GDP 
dissociation  from  Cdc42  catalyzed  by  T1  and  the  DH-PH  module.  The  insect  cell-expressed  His^-Tl  and  His^-DH-PH  were  purified  to  homoge¬ 
neity  by  NF"^-agarose  affinity  chromatography.  Approximately  10  pmol  of  each  (Tl,  solid  circles;  DH-PH,  solid  squares;  buffer,  open  circles)  was 
used  to  assay  GEF  activity  on  ~1  pg  of  Cdc42-[^H]GDP  in  a  buffer  containing  20  mM  Tris-HCl  (pH  7.6),  100  mM  NaCl,  10  mM  MgClj,  0.5  mM 
GTP,  and  1  mM  DTT.  The  GEF  reactions  were  terminated  at  the  indicated  time  points  by  nitrocellulose  filtration.  (B)  HA^-tagged  deletion 
mutants  were  purified  from  Cos-7  cell  lysates  by  using  the  immobilized  anti-HA  antibody.  After  elution  with  0.2  mM  FIA  peptides,  the  mutants 
were  analyzed  by  Western  blot  with  anti-HA  antibody.  (C)  Effect  of  deletion  mutations  on  GEF  activity.  Approximately  equal  molar  amounts  of 
the  mutants  purified  from  Cos-7  cell  lysates  (20  |xl)  were  assayed  for  the  ability  to  stimulate  pH]GDP  dissociation  from  Cdc42  at  various  times. 
Open  circles,  buffer;  solid  circles,  Tl;  open  triangles,  T4;  solid  triangles,  T5;  open  squares,  T6;  solid  squares,  DH-PH.  (D)  Effect  of  isolated 
N-terminal  peptide  N1  on  GEF  activity  of  DH-PH.  [’HJODP  dissociation  from  Cdc42  was  assayed  in  the  presence  (solid  squares  and  open 
diamonds)  or  absence  of  His^-DH-PH  (open  circles  and  solid  diamonds)  and  an  approximately  fourfold  molar  excess  of  purified  GST-Nl 
(diamonds)  at  various  time  points. 


tivity  of  proto-Dbl  reflects  the  suppressive  effect  on  the  cata¬ 
lytic  GEF  activity  by  the  N-terminal  negative  regulatory  con- 
straint(s). 

Rho  GTPase-binding  activities  of  deletion  mutants  of  proto- 
Dbl.  To  further  investigate  the  functional  properties  of  the 
various  deletion  mutants  of  proto-Dbl,  we  next  compared  their 
abilities  to  directly  bind  to  the  Rho  GTPase  substrate  Cdc42. 
Cos-7  cell  lysates  expressing  similar  amounts  of  HA-tagged  Tl, 
T4,  T5,  T6,  and  the  DH-PH  module  (Fig.  4)  were  incubated 
with  the  glutathione-agarose-immobilized,  GST-fused,  domi¬ 
nant  negative  form  of  Cdc42,  N17Cdc42,  that  is  known  to  bind 


to  the  DH  domain  of  onco-Dbl  with  high  affinity  (20).  After 
extensive  washing  the  coprecipitates  of  GST-N17Cdc42  were 
subjected  to  anti-HA  Western  blotting.  Among  the  flve  HA- 
tagged  polypeptides,  T5,  T6,  and  the  DH-PH  module  displayed 
a  similarly  strong  binding  pattern  to  N17Cdc42.  T4  bound  sig¬ 
nificantly  more  weakly,  and  Tl  binding  was  barely  detectable 
(Fig.  4).  These  results  are  consistent  with  the  relative  effec¬ 
tiveness  of  the  mutants  in  activating  the  guanine  nucleotide 
exchange  of  Cdc42  in  vitro  and  in  vivo  (Fig.  2  and  3)  and  co¬ 
incide  with  the  mutants’  transformation  abilities  (Fig.  IB).  They 
suggest  that  the  N-terminal  residues,  particularly  residues  285 
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FIG.  3.  Cdc42  exchange  potential  of  proto-Dbl  mutants  in  cells. 
HA3-Cdc42  was  expressed  alone  or  together  with  FIA-DH-PH,  HA- 
Tl,  HA-T4,  HA-T5,  or  HA-T6  in  Cos-7  cells.  The  cell  lysates  were 
probed  with  anti-HA  antibody  in  a  Western  blot.  The  cell  lysates  were 
subjected  to  a  GST  or  GST-PAKl  pull-down  assay,  and  the  glutathi¬ 
one-agarose  coprccipitatcs  were  detected  by  anti-HA  Western  blotting 
to  reveal  the  relative  amount  of  Cdc42-GTP  in  cells. 


to  348,  arc  involved  in  negative  allosteric  control  of  proto-Dbl 
activity  by  limiting  the  access  of  Rho  GTPase  to  the  catalytic 
site  on  the  DH  domain. 

N-terminal  sequences  dictate  the  intracellular  localization 
pattern  of  proto-Dbl.  Onco-Dbl  and  the  PH  domain  of  Dbl 
were  colocalized  with  Triton  X- 100-insoluble  particulates  in 
previous  cell  fractionation  studies  (53).  Whether  the  N-termi- 
nal  constraining  sequences  of  proto-Dbl  would  interfere  with 
the  PH  domain  intracellular  targeting  function,  thereby  caus¬ 
ing  an  alteration  in  the  intracellular  distribution  pattern  of 
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FIG.  4.  In  vitro  binding  activity  of  proto-Dbl  mutants  to  GST- 
N17Cdc42.  Various  proto-Dbl  constructs  were  expressed  in  Cos-7  cells 
by  transient  transfection.  A  portion  of  cell  lysates  was  analyzed  by 
anti-HA  Western  blotting.  The  cell  lysates  were  incubated  with  2  jxg  of 
GST  or  GST-Cdc42N17  immobilized  on  glutathione  beads  for  1  h  at 
4'’C  under  constant  agitation.  After  three  washes,  bound  proteins  were 
detected  by  immunoblotting  with  anti-HA  antibody. 
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FIG.  5.  Intracellular  distribution  patterns  of  proto-Dbl  and  various 
deletion  mutants.  (A)  Stable  transfectants  of  HA-tagged  T1  (proto- 
Dbl),  DH-PH  module,  DH  domain,  PH  domain,  N-terminal  N1  poly¬ 
peptide,  or  DH-PH  module  coexpressed  with  the  N1  polypeptide  were 
generated  in  NIH  3T3  cells  by  G418  selection.  Cell  lysates  (~5  X  10^ 
cells)  of  the  G418-resistant  clones  were  subjected  to  anti-HA  immu- 
noprecipitation  followed  by  Western  blotting  with  anti-HA  antibody. 
(B)  Fluorescence  microscopy  of  the  cellular  localization  patterns  of  the 
proto-Dbl  mutants.  Stably  transfected  cells  were  maintained  in  low 
serum  (2%)  overnight  before  being  fixed  and  double  stained  as  de¬ 
scribed  in  the  text.  The  cells  were  analyzed  by  confocal  microscopy 
with  double  filters  for  fluorescein  and  rhodaminc.  The  overlap  of 
fluorescein  and  rhodaminc  images  is  shown  in  yellow. 


proto-Dbl  from  that  of  onco-Dbl,  has  not  been  assessed.  To 
examine  the  effect  of  the  N-terminal  sequences  on  proto-Dbl 
cellular  localization  and  to  determine  the  contribution  of  in¬ 
dividual  structural  motifs  to  the  proto-Dbl  localization  pattern, 
we  have  generated  stable  transfectants  of  NIH  3T3  cells  ex¬ 
pressing  the  HA-tagged  proto-Dbl  (Tl),  DH-PH  module,  DH 
domain,  PH  domain,  or  the  N1  polypeptide  (residues  1  to  482), 
as  well  as  a  cell  clone  coexpressing  Flag-tagged  N1  together 
with  HA-DH-PH  (DH-PH-I-Nl).  Western  blot  analysis  of  the 
anti-HA  immunoprecipitates  from  the  respective  cell  lysates 
confirmed  that  HA-tagged  polypeptides  of  the  expected  mo¬ 
lecular  sizes  were  expressed  in  the  cell  lines  (Fig.  5A).  In  ad¬ 
dition,  an  anti-FIag  Western  blot  further  confirmed  that  Flag- 
N1  was  coexpressed  with  HA-DH-PH  in  the  DH-PH+Nl  cells 
(data  not  shown).  After  fixation,  the  cells  were  double  stained 
with  anti-HA  monoclonal  antibody  plus  fluorescein-labeled  an¬ 
ti-mouse  immunoglobulin  antibody  and  rhodamine-labeled 
phalloidin  to  visualize  HA-tagged  polypeptide  distribution  and 
cellular  actin  structures.  Under  a  confocal  microscope,  we 
found  that  proto-Dbl  displayed  a  mostly  perinuclear  distribu¬ 
tion  pattern  similar  to  that  of  the  N1  polypeptide  (Fig.  5B). 
The  DH-PH  module,  on  the  other  hand,  was  found  to  colo¬ 
calize  with  actin  stress  fibers,  like  the  PH  domain  alone, 
whereas  the  DH  domain  was  mostly  diffused  throughout  cells, 
with  some  degree  of  concentration  around  the  nucleus  (Fig. 
5B).  These  results  are  consistent  with  the  previous  cell  frac¬ 
tionation  data  showing  a  significant  portion  of  the  DH-PH 
module  and  the  PH  domain  in  the  Triton  X-lOO-insoluble 
fraction  and  the  DH  domain  mostly  in  the  cytosol  (53)  and 
suggest  that  the  N-terminal  sequences  in  proto-Dbl  affect  the 
cellular  distribution  pattern  of  proto-Dbl.  In  the  N1  polypep¬ 
tide-coexpressing  cells,  the  actin-stress  fiber  colocalization  pat¬ 
tern  of  DH-PH  was  disrupted  and  changed  to  the  mostly  pe¬ 
rinuclear  localization,  similar  to  that  of  the  N1  polypeptide 
alone  (Fig.  5B).  Thus,  the  N-terminal  sequences  of  proto-Dbl 
contain  the  structural  element(s)  that  dictates  the  intracel¬ 
lular  distribution  of  proto-Dbl.  This  is  likely  due  to  the 
interference  of  the  PH  domain  targeting  function  that  de- 
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termines  the  localization  pattern  of  onco-Dbl  by  the  N- 
terminal  sequences. 

Isolated  N-terminal  fragment  of  proto-Dbl  inhibits  onco- 
Dbl  transforming  activity.  The  negative  regulatory  function  of 
the  N-terminal  sequences  raised  the  possibility  that  the  iso¬ 
lated  N  terminus  of  proto-Dbl  might  interfere  with  the  bi- 
ologieal  activity  of  oncogenic  Dbl.  To  test  this  hypothesis, 
the  cDNAs  encoding  the  N1  (residues  1  to  482)  and  N2 
(residues  286  to  482)  polypeptides  were  cloned  into  the 
mammalian  expression  vector  pCEFL  and  cotransfected 
with  onco-Dbl  into  NIH  3T3  cells.  Compared  with  the  empty 
vector,  N1  reduced  onco-Dbl  transforming  activity  by  —90% 
at  a  dose  of  2  p,g/100-mm  dish,  while  N2  consistently  caused 
—25%  inhibition  under  similar  conditions  (Fig.  6).  At  a  lower 
dose  (0.2  p,g/100-mm  dish),  however,  only  N1  showed  signifi¬ 
cant  inhibition  of  onco-Dbl  activity.  Neither  N1  nor  N2  had  a 
detectable  effect  on  proto-Dbl  transforming  activity  when  the 
foci  were  induced  by  proto-Dbl  overexpression  (2  pg  of  cDNA/ 
100-mm  dish;  data  not  shown).  To  confirm  that  the  N-terminal 
sequence-caused  inhibition  was  specific  for  onco-Dbl,  we  ex¬ 
amined  the  ability  of  N1  and  N2  to  affect  the  transforming 
functions  of  a  cZ/rZ-rclated  oncogene,  Ibc,  and  oncogenic  v-ras. 
Distinct  from  their  effects  on  onco-Dbl,  neither  peptide  showed 
any  sign  of  inhibiting  oncogene-induced  focus  formation  at 
2  p,g  of  cDNA/dish  (Fig.  6).  These  results  indicate  that  the  N 
terminus  of  proto-Dbl  can  specifically  act  on  onco-Dbl  or  the 
onco-Dbl  pathway  and  negatively  influence  its  biological  activ¬ 
ity. 

Interaction  of  N-terminal  sequences  with  the  PH  domain  of 
proto-Dbl.  The  above-characterized  negative  regulatory  func¬ 
tion  of  the  N  terminus  of  proto-Dbl  could  be  rationalized  by  an 
intramolecular  interaction  involving  the  N-terminal  regulatory 
sequences  and  the  C-terminal  functional  module,  thereby  af¬ 
fecting  the  GEF  activity  of  the  DH  domain  and  the  intracel¬ 
lular  targeting  function  of  the  PH  domain.  To  test  this  hypoth¬ 
esis,  we  first  employed  a  glutathione-agarose  pull-down  assay 
using  the  insect  cell-expressed  GST-Nl  peptide  as  a  probe  to 
detect  possible  interaction  with  the  C-terminal  functional  mo¬ 
tifs,  i.e.,  the  DH-PH  module,  DH  domain,  or  PH  domain.  The 
DH-PH  module,  DH  domain,  and  PH  domain  were  transiently 
expressed  in  Cos-7  cells  as  HA-tagged  proteins,  and  the  cell 
lysates  were  incubated  with  immobilized  GST  or  GST-Nl.  As 
shown  in  Fig.  7A,  GST-Nl  was  able  to  stably  associate  with  the 
DH-PH  module  and  the  PH  domain  but  not  with  the  DH 
domain,  whereas  the  GST  control  did  not  bind  to  any  of  the 
three  proteins.  When  the  N1  polypeptide  was  expressed  in 
Cos-7  cells  and  subjected  to  the  pull-down  assay  with  the  im¬ 
mobilized  GST-PH  domain,  we  found  that  GST-PH  was  able 
to  tightly  bind  to  HA-Nl  in  the  glutathione-agarose  coprecipi¬ 
tates  under  conditions  in  which  GST  alone  did  not  interact 
with  N1  (Fig.  7B).  Therefore,  the  N-terminal  482  residues  of 
proto-Dbl  can  form  a  physical  complex  with  the  C-terminal 
DH-PH  functional  module  via  the  PH  domain. 

To  further  delineate  the  region  of  amino  acids  in  the  N 
terminus  that  may  contribute  to  direct  interaction  with  the  PH 
domain,  the  sequentially  deleted  N2,  N3,  and  N4  polypeptides, 
encoding  residues  286  to  482,  349  to  482,  and  408  to  482, 
respectively,  were  employed  as  GST-tagged  probes  to  detect 
possible  binding  to  the  PH  domain.  Figure  1C  shows  that  while 
none  of  the  three  N-terminal  peptides  bound  to  the  DH  do- 


120 


onco-dbl  v-ras  Ibc 


76  'O  V  'o  V 


76-  V 


V 


% 


FIG.  6.  N-tcrminal  sequences  of  proto-Dbl  specifically  inhibit 
onco-Dbl  transforming  activity.  NIH  3T3  cells  were  transfected  with 
pZipnco-onco-Dbl  (4  ng/lOO-mm  dish)  together  with  pCEFL  vector  or 
cDNAs  encoding  the  N1  or  N2  sequences  in  pCEFL  vector  at  the 
indicated  doses  (micrograms  per  100-mm  dish).  The  Ibc  oncogene  (0.1 
(jLg/lOO-mm  dish)  together  with  the  pCEFL  vector  or  the  N1  or  N2 
cDNA  in  the  pCEFL  vector  (2  pg/dish)  or  oncogenic  v-ras  cDNA  (0.1 
pg/dish)  together  with  vector  or  the  N1  or  N2  cDNA  (2  |xg/dish)  in 
pCEFL  were  cotransfected  in  parallel.  The  focus-forming  activity  of 
each  oncogene  cotransfected  with  the  empty  pCEFL  vector  was  set  at 
100%.  The  relative  focus-forming  activities  represent  results  from  four 
independent  experiments. 


main  at  a  detectable  level,  N2,  but  not  N3  or  N4,  was  capable 
of  binding  directly  to  the  PH  domain.  These  results  imply  that 
the  region  between  amino  acids  286  and  348  contains  an  im¬ 
portant  element(s)  that  is  involved  in  interaction  with  the  PH 
domain. 

To  test  whether  stable  association  between  the  N  terminus 
and  the  PH  domain  could  occur  in  cells,  a  Myc-tagged  N2 
peptide  was  coexpressed  with  the  HA-tagged  DH-PFI  module, 
DH  domain,  or  PH  domain  in  Cos-7  cells,  and  the  coimmu- 
noprecipitation  pattern  of  Myc-N2  with  the  HA-tagged  pro¬ 
teins  was  determined.  In  contrast  to  the  lack  of  detectable 
association  by  HA-DH,  both  HA-DH-PH  and  HA-PH  formed 
a  stable  complex  with  Myc-N2,  as  revealed  by  the  anti-Myc 
Western  blot  of  the  anti-HA  immunoprecipitates  (Fig.  7D). 
Thus,  the  N-terminal  sequences  of  proto-Dbl  can  bind  tightly 
to  the  C-terminal  PH  domain  in  cells  and  are  likely  to  do  so 
intramolecularly.  Such  an  interaction  may  have  a  direct  impact 
on  both  the  GEF  activity  and  intracellular  localization  of 
proto-Dbl,  which  are  essential  for  its  transforming  activity, 
causing  the  observed  autoinhibitory  behaviors. 

DISCUSSION 

Although  most  Dbl  family  members  contain  diverse  multi¬ 
functional  motifs,  they  all  have  the  structural  array  of  a  central 
DH  domain  in  tandem  at  the  carboxyl  terminus  with  a  PH 
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FIG.  7.  N-terminal  sequences  of  proto-Dbl  interact  directly  with 
the  PH  domain.  (A)  GST-Nl  polypeptide  forms  a  stable  complex  with 
the  DH-PH  module  or  the  PH  domain  of  proto-Dbl.  The  DH-PH 
module,  DH  domain,  or  PH  domain  was  transiently  expressed  in  Cos-7 
cells  as  an  HA-tagged  protein.  About  2  p,g  of  GST  or  GST-Nl  immo¬ 
bilized  on  glutathione-agarose  beads  was  incubated  with  the  cell  ly¬ 
sates  for  1  h  at  4°C.  After  three  washes,  the  agarose  bead  coprecipi¬ 
tates  were  subjected  to  anti-HA  Western  blotting  analysis.  (B)  PH 
domain  complexes  with  N1  polypeptide  of  proto-Dbl  in  vitro.  Immo¬ 
bilized  GST  or  GST-PH  (~2  jrg/sample)  was  incubated  with  Cos-7 
lysates  expressing  HA-Nl,  and  the  coprecipitates  were  detected  by 
anti-HA  immunoblotting.  (C)  Immobilized  GST-N2  (residues  286  to 
482),  GST-N3  (349  to  482),  or  GST-N4  (408  to  482)  was  incubated 
with  cell  lysates  expressing  HA-DH  or  HA-PH.  The  association  of  the 
HA-tagged  DH  or  PH  domain  with  the  GST  fusion  coprecipitates  was 
detected  by  anti-HA  Western  blot.  (D)  DH-PH  module  and  the  PH 
domain  but  not  the  DH  domain  associate  with  the  N2  polypeptide  in 
cells.  The  Myc-tagged  N2  polypeptide  was  coexpressed  in  Cos-7  cells 
with  the  HA-tagged  DH-PH,  DH,  or  PH  construct.  Cell  lysates  were 
subjected  to  anti-HA  immunoprccipitation  (IP)  followed  by  anti-HA 
or  anti-Myc  Western  blotting. 


domain.  Previous  studies  of  onco-Dbl  have  established  that  the 
DH  domain  is  primarily  responsible  for  Rho  GTPase  binding 
and  GEF  activity,  while  the  PH  domain  is  involved  in  intracel¬ 
lular  targeting  and  is  necessary  for  the  transforming  activity  of 
onco-Dbl  (8,  50).  Truncation  of  the  N-terminal  497  residues  of 
proto-Dbl  results  in  oncogenic  activation  (42),  suggesting  that 
the  N-terminal  sequences  contain  negative  regulatory  elements 
imposing  a  constraint  on  the  C-terminal  DH-PH  module.  To 
date,  the  mechanism  which  the  N  terminus  employs  in  the 
negative  regulation  of  proto-Dbl  activity  and  the  regions  of  the 
molecule  contributing  to  the  regulation  remain  unclear.  In  this 
study,  we  provide  direct  evidence  that  proto-Dbl  adopts  an 
autoinhibitory  mechanism  for  controlling  its  biochemical  and 
biological  activities.  We  identified  the  region  between  amino 
acids  275  and  349  as  a  critical  inhibitory  motif  that  impairs 
GEF  catalytic  activity  and  the  intracellular  targeting  activity  of 
the  DH-PH  module.  The  autoinhibitory  effects  are  likely  to 
arise  through  direct  intramolecular  interaction  of  this  region 
with  the  PH  domain,  limiting  the  access  of  Rho  GTPases  to  the 
DH  domain  and  masking  the  intracellular  targeting  function  of 
the  PH  domain.  Such  an  autoinhibitory  mode  may  be  optimal 
for  proto-Dbl  regulation,  since  incoming  upstream  signals 
could  exert  their  effects  by  modulation  of  either  the  N-terminal 
motif  or  the  C-terminal  PH  domain. 

Inhibitory  effects  of  N-terminal  sequences  of  proto-Dbl  on 
the  DH-PH  module.  Our  previous  structural  mapping  studies 
indicate  that  the  DH-PH  module  of  Dbl  represents  the  mini¬ 
mum  constitutively  active  structural  unit  that  confers  Rho 
GTPase  exchange  activity  and  cell-transforming  potential  (20). 
We  show  here  that  the  presence  or  absence  of  the  C-terminal 
100  amino  acids  just  outside  the  PH  domain  did  not  cause  any 
change  in  transforming  activity  for  either  proto-Dbl  or  oneo- 
Dbl,  indicating  that  these  sequences  are  not  involved  in  regu¬ 
lation  of  the  DH-PH  module.  A  series  of  deletion  mutations 
into  the  N  terminus  resulted  in  an  apparent  two-step  activation 
of  the  proto-Dbl  transforming  activity:  removal  of  the  N-ter¬ 
minal  100  or  274  residues  caused  minor  but  significant  en¬ 
hancement,  while  further  truncation  to  residue  348  led  to  full¬ 
blown  activation  of  the  focus-forming  activity  that  is  similar  to 
the  capacity  of  the  DH-PH  module  (Fig.  1).  These  results 
prompted  us  to  speculate  that  the  N-terminal  sequences  im¬ 
pose  a  two-layer  regulatory  mechanism  on  the  DH-PH  mod¬ 
ule.  The  N-terminal  100  residues  and  sequences  between  res¬ 
idues  275  and  349  either  act  independently  in  negatively 
controlling  the  DH-PH  activity  or  act  coordinately  so  that  the 
N-terminal  100  residues  may  further  reinforce  the  negative 
constraint  imposed  by  the  following  sequences.  This  is  analo¬ 
gous  to  the  situation  of  the  vav  proto-oncogene  product,  in 
which  removal  of  the  N-terminal  66  or  127  residues  led  to  only 
partial  activation  of  the  transforming  activity,  while  full  acti¬ 
vation  was  achieved  by  truncation  of  the  N-terminal  186  resi¬ 
dues  (1). 

The  cellular  transforming  activity  of  Dbl  is  intimately  de¬ 
pendent  upon  its  catalytic  GEF  activity  on  Rho  GTPases  (54). 
The  inhibitory  effects  of  deletions  of  proto-Dbl  on  transforma¬ 
tion  indeed  reflect  their  relative  GEF  activities  on  Cdc42  and 
RhoA  when  the  purified  mutants  were  tested  in  vitro  (Fig.  2). 
The  N  terminus  appears  to  potently  inhibit  the  GEF  ability  of 
the  DH-PH  module,  implying  that  an  intramolecular  interac¬ 
tion  is  at  work  in  the  regulatory  mechanism.  Residues  275  to 
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349,  in  particular,  seem  to  contain  the  critical  inhibitory  ele- 
mcnt(s)  for  GEF  activity,  reminiscent  of  the  major  inhibitory 
region  involved  in  the  regulation  of  transforming  activity  (Fig. 
IB).  We  show  that  the  significantly  reduced  GEF  activity  of 
proto-Dbl  and  the  deletion  mutants  that  were  generated  at  the 
N  terminus  of  residue  274  was  due  to  their  reduced  ability  to 
interact  with  Rho  GTPasc,  further  establishing  that  the  N- 
terminal  sequences  limit  the  access  of  the  DFI  catalytic  site  for 
Rho  proteins.  The  fact  that  the  in  vitro  GEF  activities  of  the 
proto-Dbl  mutants  closely  correlate  with  their  Cdc42-  and 
RhoA-activating  potential  in  vivo  and  with  their  cellular  trans¬ 
forming  activity  strongly  suggests  that  proto-Dbl  maintains  a 
low  basal  transforming  capability,  at  least  in  part  by  downregu- 
lation  of  its  ability  to  activate  Rho  GTPases  through  the  N- 
terminal  sequences. 

By  comparing  the  distinct  intracellular  distribution  patterns 
of  proto-Dbl  and  the  DH-PH  module,  we  come  to  the  conclu¬ 
sion  that  the  N-terminal  sequences  also  dictate  the  intracellu¬ 
lar  location  of  proto-Dbl.  Consistent  with  previous  subcellullar 
fractionation  results  (53),  our  confocal  microscopy  data  clearly 
demonstrate  that  the  PFl  domain  of  Dbl  colocalizes  with  the 
actin  strueture  of  cells,  and  this  property  of  the  PH  domain  is 
responsible  for  bringing  the  DH-PH  module  to  a  similar  loca¬ 
tion.  However,  the  presence  of  the  N-terminal  sequences  in 
proto-Dbl  appeared  to  overrule  the  PH  function,  leading  the 
molecule  to  a  perinuclear  location.  In  cells  in  which  the  poly¬ 
peptide  eneoding  the  N-terminal  sequences  was  overexpressed 
together  with  the  DH-PH  module,  the  DH-PH  protein  was 
found  to  transloeate  from  the  actin-as.sociated  locations  to  the 
perinucleus,  further  eonfirming  that  the  N-terminal  sequences 
arc  involved  in  regulation  of  the  cellular  localization  pattern  of 
proto-Dbl,  These  obseiwations  raise  the  possibility  that  the 
N-terminal  sequences  may  block  ligand  binding  to  the  PH 
domain,  resulting  in  loss  of  the  targeting  function  of  PH. 

Autoinhibition  of  proto-Dbl  by  intramolecular  interaction. 
Although  the  mechanism  of  intramolecular  interaction  was 
considered  in  the  regulation  of  many  Dbl  family  members, 
including  Vav,  Tiaml,  Ect2,  Ost,  Netl,  and  proto-Dbl  (1, 4,  21, 
33,  42),  and  in  the  case  of  the  Ras-specific  GEF  Sosl  (11,  40), 
there  has  been  little  biochemical  evidence  available  to  directly 
support  such  a  mode  of  regulation  for  the  GEFs  until  recently. 
A  nuclear  magnetic  resonance  spectroscopic  study  on  an  ex¬ 
tended  DH  domain  of  proto-Vav  most  recently  has  revealed 
that  the  immediate  N-tcrminal  sequences,  including  the  critical 
Tyrl74  residue,  eould  interact  directly  with  the  catalytic  core 
region  of  the  DH  domain,  achieving  an  autoinhibition  confor¬ 
mation  (3).  Similar  to  but  distinct  from  the  proto-Vav  protein, 
proto-Dbl  was  found  in  the  current  study  to  maintain  a  basal 
inactive  state  by  specific  binding  of  the  N-terminal  sequences 
to  the  PH  domain,  providing  a  biochemical  rationale  for  an¬ 
other  autoinhibitory  mechanism  in  the  negative  regulation  of  a 
Dbl  family  member. 

The  structural  arrangement  of  the  N-terminal  sequences  of 
proto-Dbl  is  not  known  but  appears  to  be  different  from  those 
of  proto-Vav  protein  and  other  Dbl  family  GEFs.  Limited 
sequences  homologies  between  a  >300-residue  span  of  the  N 
terminus  and  the  intermediate  filament  protein  vimentin  sug¬ 
gest  that  the  N-terminal  region  may  contain  an  extended  a-he- 
lical  coiled-coil  structure  (41).  In  agreement  with  the  func¬ 
tional  analysis,  i.e.,  transformation  capacity,  GEF  activity,  and 


Rho  GTPasc  binding  activity,  our  sequential  N-terminal  dele¬ 
tion  mutants  point  to  the  region  between  amino  acids  275  and 
349  as  critical  in  interaction  with  the  PH  domain.  The  observed 
direct  binding  interaction  between  the  N  terminus  and  the  PH 
domain  allows  us  to  present  a  model  to  rationalize  the  previous 
(20, 42, 53)  and  above-described  functional  data:  by  interacting 
with  the  PH  domain,  the  N  terminus  of  proto-Dbl  maintains 
the  molecule  at  an  autoinhibited  basal  state.  This  intramolec¬ 
ular  interaction  would  mask  the  PH-ligand  binding  site,  result¬ 
ing  in  an  inactive  PH  domain  and  allowing  the  N  terminus  to 
dictate  the  cellular  location  of  the  molecule.  Although  the  DH 
domain  may  not  be  directly  inhibited  by  the  N  terminus,  as 
proto-Vav  is  (3),  since  no  binding  interaction  was  detected 
between  them,  the  allosteric  hindrance  brought  by  the  N-ter- 
minal  interaction  with  PH  domain  could  effectively  limit  the 
access  of  the  Rho  GTPase  substrates  to  the  DH  catalytic  sites, 
indirectly  affecting  the  Rho  protein-activating  potential.  This 
model  could  also  explain  the  observations  that  proto-Dbl  (Tl) 
remains  weakly  active  as  a  GEF  and  can  bind  to  Cdc42  with 
reduced  affinity  (Fig.  2  and  4). 

Such  a  mode  of  autoinhibition  is  interesting  from  another 
angle.  It  provides  a  physiologically  relevant  peptide  ligand,  i.e., 
the  coiled-coiled  N-terminal  motif,  for  a  PH  domain.  Although 
the  significance  of  various  phosphoinositol  phosphates  as  PH 
domain  binding  partners  is  well  established  (10,  39),  physio¬ 
logically  important  protein  ligands  for  the  PH  domain  remain 
rare.  Consistent  with  our  previous  cell  fractionation  studies, 
which  implicated  the  PH  domain  of  Dbl  in  association  with  the 
Triton  X-lOO-insoluble  component  of  the  cytoskeleton  (53),  we 
demonstrate  in  this  study  by  immunofluorescenee  that  Dbl  PH 
extensively  colocalizes  with  actin  stress  fibers  in  eells,  suggest¬ 
ing  that  the  PH  domain  is  involved  in  interaction  with  a  protein 
factor.  Thus,  it  is  possible  that  the  N  terminus  binding  to  the 
PH  domain  may  function  as  a  switch  in  proto-Dbl  regulation  so 
that  the  basal,  autoinhibited  state  can  be  relieved  of  the  N- 
terminal  constraint  when  a  cytoskeletal  protein  factor  binds  to 
the  PH  domain  by  competing  with  the  N-terminal  sequenees.  It 
will  be  of  great  interest  to  obtain  the  moleeular  details  of  the 
N  terminus-PH  domain  complex  by  structural  biology  means. 

Mechanism  of  proto-Dbl  activation.  Understanding  the  au¬ 
toinhibitory  mechanism  of  proto-Dbl  is  an  important  step  to¬ 
ward  elucidating  the  mechanism  of  its  activation.  Recent 
progress  in  studies  of  the  mechanism  of  Rho  GTPase  activa¬ 
tion,  in  particular,  the  Dbl-like  GEF  activation,  has  provided 
quite  a  few  possibilities  on  how  the  autoinhibited  state  of 
proto-Dbl  could  become  activated.  First,  a  phosphorylation 
event  that  modifies  either  the  N-terminal  constraining  se¬ 
quences  or  the  PH  domain  may  result  in  the  desired  relief  of 
the  structural  constraint  of  the  N  terminus-PH  domain  inter¬ 
action.  However,  serine/threonine  rather  than  tyrosine  phos¬ 
phorylation  is  more  likely  to  play  a  role  in  proto-Dbl  activation, 
since  proto-Dbl  was  found  to  be  phosphosphorylated  mainly 
on  serine  and  threonine  residues  (15).  Second,  interaction  with 
heterotrimeric  G-protein  a  or  P7  subunits  may  lead  to  effective 
translocation  and  activation  of  proto-Dbl.  The  analogy  here 
includes  pll5RhoGEF,  which  utilizes  its  N  terminus  to  couple 
directly  to  Gal2/Gal3,  resulting  in  enhanced  GEF  catalytic 
activity  and  membrane  translocation  (5,  19).  Moreover,  a  re¬ 
cent  study  also  found  that  Gpy  can  bind  directly  to  the  N- 
terminal  100  amino  acids  of  proto-Dbl  (35).  Third,  various 
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phosphoinositol  lipids  may  be  involved  in  proto-Dbl  activation, 
given  our  finding  that  the  PH  domain  of  Dbl  can  bind  to  PIP2 
(4,  5)  and  PIP3  (3, 4,  5)  selectively.  The  conformational  change 
of  the  PH  domain  induced  by  such  an  interaction  could  there¬ 
fore  lead  to  reduced  binding  to  the  N  terminus  of  proto-Dbl, 
resulting  in  an  open,  active  conformation.  Finally,  similar  to 
the  Cdc42-specific  exchange  factor  in  budding  yeast  Cde24, 
proto-Dbl  may  need  to  be  recruited  to  the  targeting  site  via 
interaction  with  a  Farl-like  scaffolding  protein,  which  recog¬ 
nizes  a  conserved  motif  found  in  the  N  termini  of  both  Cdc24 
and  proto-Dbl  (7).  If  Cdc24  is  a  good  analogue  for  proto-Dbl, 
it  is  likely  that  a  combination  of  the  above  events  will  be 
required  for  the  production  of  a  fully  activated  proto-Dbl  mol¬ 
ecule.  These  possible  proto-Dbl-activating  events  are  currently 
under  investigation. 

Autoinhibition  and  activation — a  common  theme  in  smali- 
G-protein  pathways.  The  autoinhibitory  mode  of  regulation 
utilized  by  proto-Dbl  falls  into  an  emerging  theme  that  appears 
to  govern  many  aspects  of  small-G-protein  signaling.  Sosl,  one 
of  the  best-understood  Ras  GEFs,  is  known  to  involve  both 
N-terminal  and  C-terminal  sequences  to  achieve  autoinhibi¬ 
tory  control  of  its  Ras  GEF  activity  (11).  In  addition  to  proto- 
Dbl,  pllSRhoGEF,  Ost,  Tiaml,  Ect2,  Netl,  and  Asef  of  the 
Dbl  family  all  seem  to  employ  some  degree  of  autoinhibition  to 
maintain  themselves  in  a  basal  state  (16,  19,  21,  22,  33,  41), 
although  the  molecular  basis  for  their  negative  regulation  re¬ 
mains  unclear.  In  the  context  of  the  present  results  on  proto- 
Dbl  regulation,  the  recently  illustrated  tertiary  structure  of  the 
autoinhibitory  mode  of  Vav  regulation,  which  involves  an  in¬ 
tramolecular  interaction  between  the  N-terminal  Tyrl74  con¬ 
taining  an  a-helix  and  the  Rho  GTPase  binding  site  of  the  DH 
domain  (3),  suggests  that  the  biochemical  role  of  the  N-termi¬ 
nal  sequences  in  the  Dbl  family  GEFs  may  be  diverse,  so  that 
direct  modulation  of  either  the  DH  or  the  PH  domain  could  be 
involved  in  controlling  the  activity  of  the  DH-PH  module.  The 
activation  scheme  for  the  GEFs,  by  the  same  token,  would 
reflect  a  similar  divergence  which  could  involve  an  array  of 
distinct  mechanisms  in  absorbing  different  incoming  signals  to 
provide  signal  transduction  divergence. 

The  recent  eharacterization  of  the  autoinhibitory  mecha¬ 
nisms  of  the  Rho  GTPase  effectors  PAKl  and  WASP  also 
provides  interesting  parallels  to  the  Dbl  family  Rho  GEFs  (25, 
27).  In  both  cases,  the  N-terminal  CRIB  motif  of  the  molecules 
interacts  specifically  with  the  C-terminal  functional  module, 
the  kinase  domain  for  PAKl,  or  the  VCA  domain  for  WASP 
to  achieve  an  autoinhibition  state  by  masking  the  access  of  the 
immediate  downstream  target,  the  PAKl  substrates,  or  the 
Arp2/3  complex  (25,  27).  Activation  of  such  an  autoinhibition 
state  occurs  when  activated  Cdc42/Rac  recognizes  the  CRIB 
motif,  leading  to  allosteric  relief  of  the  target-interactive  sites. 
Therefore,  from  Rho  GEFs  to  effectors,  the  autoinhibition 
mechanism  seems  to  be  a  common  feature  that  the  small-G- 
protein  cascades  utilize  to  mediate  signal  flows  in  a  highly 
regulated  manner. 
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Summary 


The  Dbl  family  guanine  nucleotide  exchange  factors  are  multifunctional 
molecules  that  transduce  diverse  intracellular  signals  leading  to  the  activation  of  Rho 
GTPases.  The  tandem  Dbl  homology  and  Pleckstrin-homology  domains  shared  by  all 
members  of  this  family  represent  the  structural  module  responsible  for  catalyzing  the 
GDP/GTP  exchange  reaction  of  Rho  proteins.  Recent  progresses  in  genomic,  genetic, 
structural,  and  biochemical  studies  have  implicated  Dbl  family  members  in  diverse 
biological  processes  including  organism  growth  and  development,  skeletal  muscle 
formation,  neuronal  axon  guidance  and  tissue  organization.  The  detailed  pictures  of 
their  auto-regulation,  agonist  controlled  activation,  and  mechanism  of  interaction  with 
Rho  GTPase  substrates  have  begun  to  emerge. 
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Introduction 


The  dbl  oncogene  product  was  originally  isolated  from  a  diffuse  B-cell 
lymphoma.  Subsequent  amino  acid  sequence  analysis  found  that  a  region  in  the  central 
portion  of  Dbl  protein,  now  known  as  Dbl  homology  (DH)  domain,  shares  significant 
similarity  with  the  yeast  cell  division  cycle  molecule  Cdc24  and  the  human  break  point 
cluster  region  protein  Bcr.  Suspicion  that  Cdc24  might  act  upstream  of  Cdc42  in  yeast 
led  to  the  biochemical  finding  that  both  Dbl  and  Cdc24  function  as  guanine  nucleotide 
exchange  factors  (GEFs)  that  stimulate  the  replacement  of  bound  GDP  by  GTP  of  specific 
Rho  family  GTPases''^  Over  the  past  decade,  a  large  group  of  proteins  have  joined  the 
Dbl  family  by  virtue  of  their  structural  similarities  with  Dbl  in  containing  the  DH 
domain  and  a  tandem  Pleckstrin  homology  (PH)  domain  which  is  invariably  located  at 
the  immediate  carboxyl  terminus  of  DH  domain.  Many  of  them,  including  Vav,  Tiaml, 
Ect2,  Ost,  Dbs,  Lbc,  Lfc,  and  Net,  possess  transformation  or  invasion  capability  like 
oncogenic  Dbl.  Others  include  proteins  identified  as  gene  products  of  sequences  that  are 
rearranged  in  human  diseases  (Bcr  or  FGDl)  or  as  proteins  with  other  catalytic 
functions,  such  as  Sos  or  RasGRF  that  are  Ras  specific  GEFs.  Dbl  family  quickly  became 
one  of  the  largest  families  of  growth  regulatory  molecules. 

Current  biochemical  model  depicts  that  Dbl  family  GEFs  function  immediately 
upstream  of  Rho  GTPases  in  transmitting  intracellular  signals  (Fig.  1).  Stimulation  of 
growth  factor  receptors,  cytokine  receptors,  cell-to-cell  or  extracellular  matrix-to-cell 
adhesion  receptors,  or  the  G-protein  coupled  serpentine  receptors  may  all  initiate 
intracellular  signals  that  lead  to  Rho  GTPase  activation,  a  process  which  very  likely 
involves  one  or  multiple  Dbl  family  members.  The  abilities  to  stimulate  GDP  dissociation 
from  inactive  Rho-GDP  and  to  facilitate  GTP  loading  to  generate  the  active  Rho-GTP 
species  in  cells  are  the  hallmarks  of  the  biochemical  activities  of  the  GEFs.  Upon 
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activation  by  the  GEFs,  Rho  GTPases  interact  in  turn  with  a  large  array  of  effector  targets 
that  further  relay  the  incoming  signals  to  downstream  signaling  components  resulting  in 
diverse  cell  biological  responses  including  actin  cytoskeleton  reorganization, 
transcriptional  activation  of  genes,  stimulation  of  DNA  synthesis,  endocytic  or  exocytic 
membrane  trafficking,  and  regulation  of  translation  (reviewed  in  ref.  3,  4). 

This  review  focuses  on  recent  progresses  made  in  understanding  the  biological 
functions  and  the  molecular  mechanisms  underlying  the  biochemical  activities  of  Dbl 
family  GEFs.  The  mode  of  regulation  of  Dbl  family  members  and  the  mechanistic 
interactions  between  the  GEFs  and  Rho  GTPase  substrates  are  discussed  in  depth. 

Evolution  and  genetics 

DH  domain  does  not  share  significant  sequence  homology  with  other  subtypes  of 
small  G-protein  GEFs  such  the  Cdc25  domain  and  Sec7  domain  that  are  specific  to  Ras  or 
ARF  family  small  GTPases,  indicating  that  the  Dbl  family  proteins  are  evolutionarily 
unique.  Recently  completed  genome  sequencing  projects  have  revealed  that  there  are  at 
least  3  Dbl  family  GEFs  in  S.  cerevisiae,  18  in  C.  elegans,  23  in  Drosophila,  and  46  in  Homo 
sapien^.  The  number  of  Dbl  family  may  increase  further  when  detailed  annotations  of  the 
genomic  sequences  become  available,  since  there  are  additional  ~30  partial  sequences  in 
human  genomes  that  appear  to  encode  DH  domain  containing  proteins.  The  number  of 
GEF  substrates,  Rho  family  GTPases,  also  increases  with  evolution,  from  5  in  S.  cerevisiae 
to  16  in  human,  but  is  significantly  less  than  the  number  of  their  positive  regulators  in 
higher  eukaryotes,  suggesting  that  the  function  of  individual  GEFs  is  more  specialized  in 
mammals.  Indeed,  many  mammalian  Dbl  family  members  are  tissue  and  cell  type 
specific,  and  their  biochemical  GEF  activities  range  from  highly  seletive  toward  one  Rho 
GTPase  substrate  to  more  promiscuous  toward  multiple  Rho  proteins  (Table  1). 
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The  first  genetic  evidence  of  Dbl  family  function  came  from  Cdc24,  a  bud  site 
assembly  molecule  in  S.  cerevisiae  whose  function  was  known  to  be  closely  associated 
with  Cdc42^  Various  Cdc24  mutant  phenotypes  implicate  it  as  an  essential  component 
regulating  vegetative  growth,  cell  mating,  polarity  establishment,  and  cell  orientation®. 
Rom2,  a  multiple  copy  suppressor  of  rhol  mutations,  appears  to  act  in  the  Tor2- 
Rhol/Rho2  pathway  controlling  cell  shape  and  growth''.  The  functional  link  between 
Dbl  family  GEFs  and  Rho  GTPases  was  further  strengthened  when  UNC-73,  a  large 
multifunctional  molecule  in  C.  elegans  containing  two  separate  DH-PH  motifs,  was 
found  to  regulate  cell  actin  structure  and  movement  and  the  loss  of  its  function  resulted 
in  multiple  defects  in  axon  guidance  and  neuronal  cell  migration®.  In  Drosophila,  the  Dbl 
family  member  SIP  protein  was  suggested  to  be  involved  in  regulation  of  synaptic 
differentiation  since  it  is  found  to  be  associated  with  plasma  membrane  of  synaptic 
terminals  and  mutations  in  SIF  led  to  defects  in  neuronal  morphology’.  Recently  a  set  of 
genetic  studies  presented  evidence  that  Trio,  a  homolog  of  UNC-73,  mediates  the  effects 
of  axon  guidance  factors  on  actin  dynamics'®.  The  genetic  phenotypes  of  Trio  mutations 
suggest  a  biochemical  pathway  linking  the  transmembrane  tyrosine  phosphatase  Dlar 
and  the  Abl  tyrosine  kinase  to  the  Trio-Rac-Pak  signaling  complex.  In  mice.  Trio 
deficiency  causes  skeletal  muscle  deformation  and  neuronal  disorder",  and  elimination 
of  the  vav  gene  which  encodes  a  hematopoietic  cell  specific  GEF  results  in  impaired 
lymphoid  development,  lymphopedia,  and  defective  immune  responses  of  B-  and  T- 
lymphocytes'^  suggesting  more  complex  roles  of  the  GEFs  in  mammals.  Interestingly, 
Dbl  knock-out  mice  do  not  display  any  apparent  abnormalities  (A.  Eva,  personal 
communication),  raising  the  possibility  that  multiple  Dbl  family  genes  could  play 
redundant  roles. 
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So  far,  the  only  compelling  evidence  that  Dbl  family  GEFs  are  involved  in  human 
genetic  disorder  came  from  the  studies  of  FGDl'^.  Mutation  of  FGDl  in  DH  domain  is 
found  to  cosegregate  with  faciogenital  dysplasia.  Whether  the  DH  domain  in  Bcr  which 
is  absent  in  Bcr-Abl  fusion  in  chronic  myelogenous  and  acute  lymphocytic  leukemias^  or 
the  GEF  activity  of  LARG  which  is  retained  in  MLL-LARG  fusion  in  acute  myeloid 
leukemia’'*  plays  a  role  in  these  diseases  remains  to  be  seen. 

Biochemical  functions 

Dbl  family  GEFs  are  multifunctional  molecules  containing  diverse  structural 
motifs  in  addition  to  the  conserved  DH-PH  domains  (Fig.  2).  Early  biochemical  studies 
using  oncogenic  Dbl  as  a  model  system  have  established  that  while  DH  domain  is 
responsible  for  the  GEF  catalytic  activity,  the  adjacent  PH  domain  is  involved  in 
intracellular  targeting  of  DH  domain.  Furthermore,  the  DH-PH  module  constitutes  the 
minimum  structural  unit  bearing  transforming  function’’^.  This  appears  to  be  a 
generalized  principle  among  Dbl  family  GEFs  as  similar  conclusions  have  been  drawn  in 
the  cases  of  Lbc,  Lfc,  Dbs,  and  other  GEFs.  Demonstration  of  substrate  binding  and 
catalytic  activities  in  reconstituted  GEF  reactions  using  purified  GEFs  and  examination 
of  Rho  GTPase  activation  states  induced  by  over-expression  of  the  putative  GEFs  in 
fibroblasts  or  other  types  of  cells  have  provided  the  bulk  of  the  data  on  the  biochemical 
functions  of  Dbl  members  (Table  1).  Some  of  them,  like  Cdc24,  FGDl,  Tiaml,  and  Lbc, 
are  highly  specific  toward  a  single  Rho  protein,  while  others,  including  Dbl,  Ost,  Ect2, 
and  Bcr,  behave  quite  promiscuously  by  working  on  multiple  Rho  GTPases.  The  early 
view  that  certain  members  of  Dbl  family  may  function  by  binding  to  Rho  GTPases 
without  GEF  activity  (e.g.  Ect2)’  does  not  seem  to  hold  up,  since  recent  studies  have 
revealed  that  a  variety  of  regulatory  signals  (e.g.  phosphorylation)’^  may  be  required  for 
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the  activation  of  GEF  activity.  Furthermore,  mutants  generated  in  the  DH  domain  that 
retain  substrate  binding  activity  but  are  catalytically  compromised  acted  as  dominant- 
negatives  in  cells'^  suggesting  that  a  threshold  of  GEF  catalytic  activity,  in  addition  to 
the  Rho  binding  activity,  is  required  for  the  function. 

The  combination  of  a  few  additional  lines  of  evidence  also  help  establish  that  Dbl 
family  GEFs  function  by  activation  of  Rho  GTPases  in  cells.  The  evidence  include  that  the 
Dbl  family  oncoprotein  induced  foci  are  morphologically  similar  to  those  transformed  by 
constitutively  active  Rho  GTPases,  but  distinct  from  that  seen  when  cells  are  transformed 
by  other  types  of  oncogenes  such  as  Ras,  Raf,  or  Src^-  coexpression  of  Dbl  family  members 
with  dominant  negative  mutants  of  Rho  family  GTPases  blocks  their  transforming 
activity^;  mutants  of  the  GEFs  that  are  no  longer  able  to  interact  or  activate  Rho  protein 
substrates  behave  dominant  negatively  in  cells'®’'^;  and  many  cellular  activities  induced  by 
Dbl  family  proteins,  such  as  actin  cytoskeleton  reorganization,  cytokinesis,  stimulation  of 
G1  to  S  phase  transition,  Jun  N-terminal  kinase  activation,  cyclin  D1  induction,  and  SRF 
and  NF-kB  activations,  are  associated  with  the  activation  of  signaling  pathways  known  to 
be  mediated  by  active  Rho  GTPases  or  by  Rho  GTPase  effector  targets^'^'’^. 

It  is  therefore  not  surprising  that  many  Dbl  family  members  display  transforming 
activity  in  fibroblast  transfection  assays,  and  some,  through  activation  of  Racl  or  related 
pathway,  regulate  cell  migration  and  tumor  metastasis.  The  important  issues  currently 
attracting  much  attention  are  which  pathways  among  the  many  regulated  by  the  GEFs  are 
essential  for  cell  transformation  or  metastasis  and  whether  interference  with  selected 
pathways  can  be  explored  for  anti-cancer  drug  design.  One  needs  to  caution  that  given 
the  multifunctional  nature  of  these  proteins  (Fig.  2),  it  is  certainly  possible  that  many  of 
the  GEF  molecules  bear  GEF-independent  functions.  Determining  what  these  other 
functions  might  be  and  how  they  effect  on  the  GEF-elicited  pathways  by  Dbl  family 
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members  should  also  provide  leads  to  a  more  comprehensive  understanding  of  the  GEF 
functions. 

Mechanisms  of  regulation 

Many  members  of  the  Dbl  family  seem  to  exist  in  an  inactive  or  partially  active 
state  prior  to  stimulation.  Current  literature  suggests  that  their  basal  states  may  be 
maintained  by  one  of  three  possible  regulatory  modes  involving  intra-  or  inter-molecular 
interactions  (Fig.  3).  The  first  is  through  the  intramolecular  interaction  between  DH  and 
PFI  domains.  Examples  of  such  an  interaction  include  Vav  and  Sosl  in  which  cases 
binding  to  PIPS  by  the  PH  domain  seems  to  alleviate  an  inhibitory  effect  on  the  DH 
domain'®''^  The  second  possible  mode  of  regulation  is  through  the  intramolecular 
interaction  of  a  regulatory  domain  with  the  DH  or  PH  domain  of  the  GEF  protein.  Such 
interactions  are  expected  to  impose  a  constraint  on  the  normal  DH  and/or  PH  domain 
function  by  masking  the  access  of  Rho  GTPase  substrate  and/or  altering  the  PH  domain 
intracellular  targeting.  The  examples  of  such  regulation  include  Vav  and  DbP'^\  and  may 
also  include  Asef,  Lbc,  and  pll5RhoGEF.  The  third  possible  mode  involves 
oligomerization  through  an  intermolecular  interaction  between  DH  domains.  This  mode 
of  regulation  has  been  suggested  recently  in  the  cases  of  RasGRFl,  RasGRF2  and  onco- 
Dbh^'^®,  and  is  postulated  to  play  a  role  in  efficient  execution  of  the  GEF  function.  The 
incoming  upstream  signals,  via  the  heterotrimeric  G-protein  Ga  or  GPy  subunits,  protein 
tyrosine  or  serine/ threonine  kinases,  and/or  phosphoinositol  lipids,  may  contribute  by 
varying  degrees  to  the  alteration  of  these  auto-regulatory  modes,  resulting  in  intracellular 
translocation  of  GEF  and  stimulation  of  GEF  catalytic  activity.  A  few  representative  cases 
of  GEF  regulations  are  illustrated  in  Fig.  4. 
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Activation  by  GTP-binding  proteins  -  Bradykinin,  LPA,  bombesin  and  other  G-protein 
coupled  receptors  have  been  known  to  activate  Rho  GTPase  pathways^'"*.  Both  Ga  and 
GPy  subunits  have  been  suggested  to  have  roles  in  inducing  Rho  mediated  actin  stress 
fiber  formation  and/ or  focal  adhesion  assembly.  Gpyin  S.  cerevisiae  was  the  first  to  be 
found  to  directly  interact  with  a  RhoGEF,  Cdc24,  in  response  to  pheromone-receptor 
activation^'^.  Rsrl,  a  Ras-related  GTPase,  also  directly  interacts  with  Cdc24  to  target  it  to 
the  budding  site  of  the  cell’ ^  Subsequent  biochemical  studies  identify  pllSRhoGEF, 
LARG,  and  GTRAP48/PDZ-RhoGEF  as  a  subset  of  GEFs  containing  RGS-like  domain 
that  binds  to  and  is  activated  by  Dbl  protein  was  also  suggested  to  be  able  to 

bind  to  Gpyand  Gal3  through  its  N-terminal  regulatory  sequences^^'^'',  although  it 
remains  to  be  seen  if  such  interactions  are  physiologically  relevant.  Early  experiments 
carried  out  in  Swiss  3T3  fibroblast  cells  suggested  that  Cdc42,  Racl,  and  RhoA  act  in  a 
linear  cascade  fashion  in  mediating  signal  flows  causing  cytoskeleton  changes^  and  that 
they  all  are  involved  in  Ras-induced  transformation  in  NIH  3T3  cells^''*.  The  GEFs 
between  these  small  G-protein  hierarchy  chains  remain  to  be  identified.  One  possible 
scenario  is  that  the  link  is  a  single  GEF  molecule  such  as  Tiaml,  which  is  recently  found 
to  contain  a  Ras-binding  domain  and  therefore  may  activate  Racl  promptly  in  response 
to  Ras.  Alternatively,  a  class  of  GEFs  containing  both  DH  domain  and  Ras-activating 
Gdc25  domain  like  Sos  and  RasGRF  could  serve  to  activate  Ras  and  Racl  simultaneously 
or  sequentially  in  response  to  stimuli,  since  both  of  these  catalytic  functional  motifs  have 
been  recently  found  to  confer  respective  GEF  activity  toward  Racl  and  Ras, 
respectively’®'^®.  However,  activation  of  the  DH  domain  in  these  two-headed  GEFs  may 
require  additional  modulators  like  E3bl  and  Eps8  in  the  case  for  Sosl^®,  where  a 
macromolecular  complex  seems  to  be  needed  to  unmask  the  GEF  activity  for  Racl. 
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Activation  by  protein  kinases  -  In  response  to  extracellular  stimuli,  many  Dbl  family  GEFs 
become  phosphorylated  by  protein  kinases  which  may  contribute  to  their  activation. 

The  best  understood  case  is  Vav,  which  is  phosphorylated  by  Src  family  tyrosine  kinases 
after  cytokine  or  adhesion  receptor  activation'^.  In  the  basal  state,  a  stretch  of  N-terminal 
sequences  folds  into  an  a-helical  structure  and  binds  to  the  active  site  of  DH  domain, 
masking  the  access  of  Racl^°.  Upon  phosphorylation  at  residue  Tyrl74,  these  amino  acid 
sequences  become  unstructured  and  the  constraint  on  DH  domain  is  relieved.  Another 
example  of  activation  by  phosphorylation  is  Ect2,  a  regulator  of  cytokinesis  whose  GEE 
activity  toward  Rho  is  induced  by  Cdk-related  kinases  during  cell  cycle  progression'^.  It 
remains  a  challenge  to  sort  out  the  physiologically  meaningful  phosphorylation  events 
that  regulate  many  GEF  functions. 

Regulation  by  phosphoinositol  kinases  -  The  PIS  kinase  homolog  TOR2  was  shown  to  be 
involved  in  activation  of  the  GEF  ROM2  and  the  GTPase  Rhol  cascade  in  yeast'’, 
suggesting  that  the  lipid  product  of  the  kinase,  PIPS,  may  play  a  role  in  GEF  activation. 
In  mammalian  cells,  early  studies  have  shown  that  treatment  with  the  PISK  inhibitor 
wortmannin  inhibited  Rac  effect  activated  by  growth  factor  receptors^''*,  and  the 
invariable  presence  of  a  PH  domain  in  Dbl  family  GEFs  makes  it  a  valid  hypothesis  that 
PIPs  may  affect  GEF  activity  and/or  location  by  binding  to  the  PH  domain.  Indeed, 
many  PH  domains  derived  from  Dbl  family  were  shown  to  be  capable  of  interaction 
with  PIPs.  The  more  convincing  evidence  that  such  interaction  may  contribute  to  the 
modulation  of  GEF  function  came  from  studies  of  Vav  and  Sosl,  both  of  which 
displayed  enhanced  GEF  activity  toward  Racl  upon  PIPS  binding  to  the  PH  domain'®"'®. 
Interestingly,  PIP2,  the  substrate  of  PISK,  was  found  to  inhibit  substrate  binding  and 
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GEF  activity  of  the  DH  domain  of  Vav  and  Sosl^”,  suggesting  that  PIPs  regulate  the 
intramolecular  interaction  between  DH  and  PH  domains.  The  GEF  activity  of  Dbl 
toward  Cdc42,  on  the  other  hand,  was  found  to  be  inhibited  by  either  PIP2  or  PIPS 
binding  to  the  PH  domain^'.  Although  lipid  binding  is  important  for  plasma  membrane 
targeting,  but  apparently  it  is  not  essential  for  cytoskeleton  localization  of  Dbl,  nor  cell 
transformation. 

Regulation  by  other  interrnolecidar  interactions  -  In  S.  cerevisiae,  the  GEF  activity  of  Cdc24  is 
subjected  to  regulation  by  two  adapter/ scaffolding  molecules,  Beml  and  Farl.  The 
formation  of  a  Cdc24-Farl-GPY  complex  fimctions  as  a  landmark  for  orientation  of  the 
cytoskeleton  during  growth^^  In  mammalian  cells,  discovery  of  Farl-like  large 
scaffolding  molecules  still  awaits.  Filamin,  an  actin  crosslinker,  was  shown  to  be  a 
potential  target  of  the  PH  domain  of  Trio^^  while  Frabin,  a  FGDl-related  GEF,  was 
found  to  contain  actin  cross-linking  activity  itselP.  The  membrane  associated  molecule 
radixin  interacts  with  Dbl  and  may  also  recruit  the  Rho  GDP-dissociation  inhibitor  (GDI) 
to  the  complex^^  Other  regulatory  interactions  of  GEFs  reported  recently  include  Asef 
interaction  with  the  tumor  suppressor  APC  which  results  in  its  activation^^  pllSRhoGEF 
interaction  with  HIV  gp41  which  leads  to  a  negative  effect  on  the  GEF  function^^,  Tiaml 
binding  to  the  hyaluronic  acid-binding  receptor  CD44  and  to  the  cytoskeletal  protein 
ankyrin,  both  of  which  positively  regulate  the  Raci-specific  GEF  activity^®'^^  and  Tiaml 
interaction  with  tumor  metastasis  suppressor  nm23Hl  that  results  in  a  decrease  in  GEF 
activity  toward  Racl"*”.  Most  recently,  two  novel  Dbl  family  GEFs  ephexin  and 
GTRAP48  have  been  shown  to  form  a  signaling  complex  at  the  receptor  level  with  EphA 
and  EAAT4,  respectively^^'"*',  mediating  neuronal  growth  cone  dynamics  or  glutamate 
transporter  functions.  It  is  foreseeable  that  future  studies  of  GEFs  converging  from 
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diverse  biological  areas  may  uncover  more  unique,  physiological  meaningful 
interactions  that  have  regulatory  effect  on  GEF  functions. 

Overall,  the  biochemical  mechanisms  of  the  spatial  and  temporal  regulation  of 
GEFs  remain  poorly  understood.  In  addition  to  GEF  activation,  concomitant  upstream 
signals  are  likely  required  to  suppress  the  negative  regulations  imposed  upon  Rho 
GTPase  substrates  by  the  GTPase-activating  proteins  (GAPs)  and  GDIs^''*.  To  this  end, 
the  regulatory  networks  employed  by  PIX'*^  and  Cdc24^^  (Fig.  4)  provide  some  clues  that 
large  signaling  complex  could  be  involved  to  enhance  the  counter-reactive  ability  of  a 
GEF  for  negative  regulations  and  to  ensure  signaling  specificity. 

Mechanism  of  guanine  nucleotide  exchange  on  Rho  GTPases 

In  analogy  with  GEF  activation  of  Ras  and  heterotrimeric  Ga,  the  Dbl  family 
GEFs  are  thought  to  involve  sequential  GDP-dissociation  and  GTP-binding  steps  to 
facilitate  GDP/  GTP  exchange  onto  Rho  GTPase  substrates‘'^  The  exchange  reactions  are 
initiated  when  GEFs  recognize  the  GDP-bound  Rho  proteins,  followed  by  stimulation  of 
GDP-dissociation  to  achieve  a  binary  GEF-Rho  complex  in  which  the  small  G-protein 
exists  in  a  nucleotide-free  state.  This  transient  reaction  intermediate  is  then  dissociated 
by  GTP-binding  to  the  Rho  protein  and  the  final  product,  GTP-bound  Rho,  is  released. 
The  highlights  of  the  biochemical  function  of  Dbl  family  GEFs  in  such  a  scheme  are  that 
they  serve  dual  roles  in  the  reaction:  to  destabilize  GDP  interaction  with  Rho  proteins 
and  to  stabilize  the  nucleotide-depleted,  transition  state  of  the  substrate.  The  strongest 
evidence  supporting  the  GEF  reaction  mechanism  came  from  the  observation  that  the 
nucleotide-free  form  of  Rho  proteins  bind  to  GEFs  with  much  higher  affinity  than  the 
GDP-  or  GTP-bound  form,  enabling  such  an  intermediate  complex  to  be  obtained  easily 
in  vitro.  A  few  recent  observations,  however,  suggest  that  the  reaction  mechanism  may 
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be  more  complex:  the  exchange  reaction  of  Rho  GTPases  catalyzed  by  Dbl  family  GEFs 
depends  on  the  concentration  and  nature  of  incoming  free  nucleotides,  and  the  GEFs 
appear  to  affect  both  GDP  dissociation  and  GTP  binding  kinetics  (our  unpublished 
results).  It  is  therefore  likely  that  the  biochemical  activities  of  GEFs  may  be  further 
extended  to  influencing  the  GTP-binding  step.  More  detailed  studies  are  required  to 
differentiate  whether  the  dynamic  process  of  GEF  reactions  is  through  sequential  GDP 
dissociation-nucleotide  free  state-GTP  association  or  direct  GTP  displacement  of  bound 
GDP. 

The  evidence  that  isolated,  purified  DH  domains  are  active  in  stimulating 
nucleotide  exchange  showed  that  DH  domain  constitutes  the  necessary  and  sufficient 
structural  unit  catalyzing  GEF  reactions.  The  three  dimensional  structures  of  three 
distinct  members  of  Dbl  family,  TrioN,  Sosl,  and  pPIX,  depict  that  these  DH  domains 
fold  into  highly  homologous  a-helical  bundles  and  are  unrelated  to  other  proteins  that 
interact  with  Rho  family  GTPases  and  other  GEF  families‘”'‘'^'‘'h  Systematic  mutagenesis 
of  DH  domains  of  Dbl  and  TrioN  mapped  CRl,  CR3,  a  part  of  a6,  and  the  DH-PH 
junction  site  that  are  exposed  near  the  center  of  one  side  of  the  molecule  as  the  important 
sites  involved  in  the  formation  of  a  Rho  GTPase  interactive  pockeP^'^.  Recent 
determination  of  the  structure  of  the  DH-PH  module  of  Tiaml  bound  to  Rad  provides  a 
framework  for  interpreting  these  and  other  biochemical  studies  aimed  at  delineating  the 
structural  determinants  of  the  Rho  proteins  involved  in  GEF  coupling"*^  (Fig.  5a).  Firstly, 
Racl  makes  direct  contact  with  the  CRl,  CR3,  and  the  C-terminus  of  a9  close  to  the  PH 
junctional  site,  confirming  that  residues  of  these  regions  of  DH  are  involved  in  GEF 
interaction.  Secondly,  the  interaction  with  Tiaml  has  altered  the  conformation  of  the 
sequences  in  and  immediately  flanking  switch  1  and  switch  2  regions  of  Racl,  and  not 
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unlike  the  cases  of  other  GEF-G  complexes,  disturbed  the  native  coordination  for 
cofactor.  In  particular,  Ala59  has  moved  within  ik  of  the  Mg^'"  binding  site  to  disrupt 
effective  Mg^"^  chelation.  This  in  part  explains  the  previously  observed  lowered  Mg^*- 
binding  affinity  to  Rho  proteins  when  a  GEF  is  presenf*®.  Thirdly,  a  large  portion  of 
(32/  (33  and  switch  2  regions  of  Racl  engages  in  extensive  surface  contact  with  Tiaml 
residues,  providing  docking  sites  for  GEF  recognition  and  stabilizing  the  complex 
formation.  One  or  more  residues  in  the  (32/(33  region,  S41,  N43,  N52,  and  W56  in 
particular,  appear  to  be  the  key  structural  elements  dictating  the  specificity  by 
interacting  with  the  a7  region  of  Tiaml  that  represents  the  most  variable  part  of  the 
molecule  in  this  "lock  and  fit"  model  (Fig.  5b).  A  unique  feature  for  Tiaml-Racl 
interaction  is  that  the  GEF  may  not  be  involved  in  direct  interference  with  the  binding  of 
either  a-  or  (3-phosphate  of  the  guarune  nucleotide,  raising  the  possibility  that  Dbl  family 
GEF  reaction  mechanism  might  be  different  from  that  of  Cdc25  or  Sec7  domains  in  GEFs 
for  Ras  or  ARF  GTPases. 

Interestingly,  the  Tiaml-Racl  complex  dimerizes  through  a  largely  hydrophobic 
surface  area  of  DH  domain  including  the  CR2  region  (Fig.  5a).  This  provides  an 
explanation  of  previous  findings  that  RasGRFl  and  Dbl  could  form  functional  oligomers 
through  DH  domain  to  mediate  their  cellular  functions^'^^  and  further  supports  a  self- 
regulatory  role  of  DH  domain  in  a  subset  of  Dbl  family  proteins.  Moreover, 
conformationally  different  from  the  isolated  Sosl  DH-PH  module'*^  the  PH  domain  of 
Tiaml  does  not  seem  to  contribute  to  Racl  binding  in  the  complex.  It  is  likely  that  the 
PH  domain  plays  mostly  a  structural  role  in  maintaining  the  integrity  of  the  adjacent  DH 
domain,  or  alternatively,  the  snap  shot  of  the  crystals  may  have  failed  to  capture  a  more 
dynamic  interaction  between  the  PH  domain  and  the  DH  domain  or  the  small  G-protein. 
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More  work  is  needed  to  clarify  the  involvement  of  the  neighboring  PH  domain  in  DH 
domain  function. 

It  should  be  noted  that  although  Dbl  family  GEFs  appear  to  be  the  major  class  of 
molecules  that  positively  regulate  Rho  GTPase  activities,  exceptional  cases  involving 
non-DH  domain  motifs  or  phosphoinositol  lipids  have  been  reported  to  stimulate 
guanine  nucleotide  exchange  or  GDP  dissociation  of  Rho  GTPases.  For  example. 
Salmonella  SopE  protein  can  effectively  activate  Racl  and  Cdc42  to  facilitate  bacteria 
entry  into  the  host  cells''^  and  the  Rapl  specific  GEF,  C3G,  is  found  to  be  an  active  GEE 
toward  the  Rho  protein  TCIO  in  insulin-stimulated  GLUT4  translocation^”.  The 
biochemical  and  structural  basis  of  these  GEF  reactions  requires  further  investigation. 

Conclusions 

Recent  genetic,  cell  biological,  structural,  as  well  as  biochemical  studies  have 
implicated  Dbl  family  GEFs  as  the  major  positive  regulators  of  Rho  GTPases  in  diverse 
biological  settings.  In  vitro  biochemical  studies  have  established  the  role  of  the 
conserved  DH  domain  in  Rho  GTPase  interaction  and  activation  and  the  role  of  the 
tandem  PH  domain  in  intracellular  targeting  and/or  regulation  of  DH  domain  function. 
The  near  completion  of  genomic  sequencing  and  the  rapid  progress  in  gene  annotation 
of  human  and  many  other  organisms  symbolize  that  the  initial  identification  stage  of  Dbl 
family  members  is  close  to  an  end.  More  systematic  characterizations  of  their 
biochemical  function,  mode  of  regulation  and  signaling  mechanisms  in  various 
physiologically  relevant  systems  will  likely  to  assign  each  to  specific  intracellular 
pathways  and  logically  represents  the  next  important  step  towards  understanding  the 
mechanism  of  control  of  signal  flows  through  these  GEFs  and  their  specific  Rho  GTPase 
substrates.  With  increasing  appreciation  of  a  close  relationship  between  the  activation 
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status  of  Dbl  family  members  and  human  pathological  conditions  such  as  cancer,  drug 
discovery  efforts  aimed  at  interfering  the  GEF  functions  of  Dbl  proteins  may  prove  to  be 
worthy  endeavors. 
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Table  1.  Biochemical  and  biological  functions  of  mammalian  Dbl  family  members 


Dbl  family  member 

Biochemical  activities 

Biological  properties/ activities 

Accession 

Dbl 

GEF  for  most  Rho  GTPses 
including  Cdc42,  Rac  and  Rho 

proto-oncogene  product 

brain,  gonads  and  adrenal  glands  specific 

X12556 

Bcr 

GEF  for  Cdc42,  Rac  and  Rho 

implicated  in  leukemia 
predominantly  brain 

Y00661 

Abr 

GEF  for  Cdc42,  Rac  and  Rho 

predominantly  brain 

U01147 

Ect2 

GEF  for  Cdc42,  Rac  and  Rho 

proto-oncogene  product 
regulator  of  mitosis 

NM007900 

FGDl 

GEF  for  Cdc42 

implicated  in  faciogenital  dysplasia 
and  mammalian  skeletal  development 

NM004463 

FGD2 

to  be  determined 

embryonic  development 

NM013710 

Lbc/Brx 

GEF  for  Rho 

proto-oncogene  product;  binds  to  nuclear 
hormone  receptor 

NM006738 

Lfc 

GEF  for  Rho, 
binds  to  Rac 

proto-oncogene  product 

U28495 

pll5RhoGEF/Lsc 

GEF  for  Rho 

proto-oncogene  product;  binds  to  Gal3 

U64105 

Netl 

GEF  for  Rho 

proto-oncogene  product 

U02081 

Ost/Dbs 

GEF  for  Cdc42  and  Rho 
binds  to  Rac 

proto-oncogene  product 
at  least  three  isoforms 

Z35654 

pl90RhoGEF 

GEF  for  Rho 

inhibits  neurite  outgrowth 
binds  to  miaotubules 

U73199 

RasGRFl 

GEF  for  Rac  and  Ras 

dual  Rac  and  Ras  activator;  activates  Ras 
through  a  separate  Cdc25  domain 

X67241 

RasGRF2 

GEF  for  Rac  and  Ras 

dual  Rac  and  Ras  activator;  activates  Ras 
through  a  separate  Cdc25  domain 

U67326 

Kalirin/Duo 

GEF  for  Rac  and  Rho 

two  DH-PH  modules; 

multiple  isoforms  due  to  alternative  splicing 

AF232669 

Trio 

GEF  for  Rac  and  Rho 

Target  of  Rho 

two  DH-PH  modules  with  distinct  substrate 
specificity;  at  least  two  isoforms;  implicated  in 
skeletal  muscle  and  neuronal  development 

U42390 

Asef 

GEF  for  Rac 

enriched  in  brain;  binding  to  tumor  suppressor 
APC  leads  to  activation 

AB042199 

Fix/ Cool 

GEF  for  Rac 

at  least  two  isoforms;  binds  to  Rac  effector  PAK 

AF044673 

Frabin 

GEF  for  Cdc42 

binds  to  actin 

AF038388 
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Table  1.  Continue 


Vav 

GEF  for  Racl 

proto-oncogene  product;  hematopoietic  cell 
-specific;  implicated  in  lymphopenia 

X64361 

Vav2 

GEF  for  Rho,  Rac,  and  Cdc42 

proto-oncogene  product; 

NM009500 

Vav3 

GEF  for  Rho  and  Rac 

proto-oncogene  product; 

NM020505 

hPEM-2 

GEF  for  Cdc42 

predominantly  brain 

AB007884 

GEF-Hl 

GEF  for  Rac  and  Rho 

associates  with  microtubule 

U72206 

GTRAP48 

/KIAA0380 

/PDZ-RhoGEF 

GEF  for  Rho 

predominantly  brain  cerebellum; 

associates  with  neuronal  glutamate  transporter; 

binds  to  Gal3 

AF225961 

LARG 

GEF  for  RhoA 

fuses  to  MLL  gene  in  acute  myeloid  leukemia; 
interacts  with  Gal2  and  Gal3 

AF180681 

Tiaml 

GEF  for  Rac 

proto-oncogene  product;  mediate  T- 
lymphoma  invasionand  metastasis 

NM009384 

Tiam2 

GEF  for  Rac 

two  isoforms;  cerebellum  and  testis  specific 

NM012454 

Tim 

to  be  determined 

proto-oncogene  product 

U02082 

Sosl 

GEF  for  Rac  and  Ras 

activates  Rac  and  Ras  through  distinct 

DH  and  Cdc25  domains 

Z11574 

Sos2 

GEF  for  Rac  and  Ras 

activates  Rac  and  Ras  through  distinct 

DH  and  Cdc25  domains 

Z11664 

GEF337 

GEF  for  RhoA 

to  be  determined 

AB002335 

Stef 

GEF  for  Racl 

to  be  determined 

AB022915 

pll4RhoGEF 

GEF  for  RhoA 

to  be  determined 

AB011093 

Ngef  /  ephexin 

GEF  for  RhoA,  Racl,  Cdc42 

proto-oncogene  product;  predominantly  in  brain 
mediates  Eph  regulation  of  growth  cone 

NM019867 

Collybistin 

to  be  determined 

two  splice  variants;  predominantly  in  brain 

AJ250425 

Intersectin 

GEF  for  Cdc42 

two  splice  variants;  brain-specific 

NM003024 
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Figure  Legends 


Figure  1.  Signaling  role  of  Dbl  family  GEFs  in  the  regulation  of  Rho  GTPase  functions. 

In  mammalian  cells,  stimulation  of  a  variety  of  cell  surface  receptors,  including  growth 
factor  receptors,  cytokine  receptors,  cell-cell  or  cell-extracellular  matrix  adhesion 
receptors  and  G-protein-coupled  serpentine  receptors,  may  all  lead  to  the  activation  of 
specific  Dbl  family  GEFs.  The  activated  GEFs  in  turn  catalyze  the  exchange  of  bound 
GDP  for  GTP  on  specific  Rho  GTPases  resulting  in  their  activation.  The  GTP-bound  Rho 
proteins  may  further  interact  with  multiple  effector  targets  leading  to  diverse  cellular 
responses  such  as  actin  cytoskeleton  reorganization,  endocytosis  and  exocytosis, 
transcription  activation,  stimulation  of  DNA  synthesis,  and/or  translational  regulation. 

Figure  2.  Schematic  depiction  of  the  domain  structures  of  representative  Dbl  family 
members.  Abbreviations:  Ac,  acidic  amino  acid  rich  motif;  C2,  calcium-dependent  lipid 
binding;  Cdc25,  RasGEF  motif;  CC,  coiled  coil;  CR,  cysteine  rich  zinc  butterfly  motif;  CH, 
calponin  homology;  DH,  Dbl  homology;  EF,  EF  hand  calcium  binding  motif;  Ig, 
immunoglobulin-like;  IQ,  calmodulin  binding  motif;  kinase,  serine /threonine  kinase 
motif;  P,  proline  rich  SF13  binding  motif;  PDZ,  DHR  or  GLGF  domain;  PEST,  amino  acids 
P,  E,  S,  and  T  rich,  degradation  motif;  PH,  Pleckstrin  homology;  RBD,  Ras  binding 
domain;  REM,  Ras  exchanger  motif;  RhoGAP,  RGS,  regulator  of  G-protein  signaling 
motif;  Rho  GTPase  activating  protein  motif;  Secl4,  secl4-like;  SH2,  Src  homology  2;  SH3, 
Src  homology  3;  TR,  Tat/RAG8-related. 
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Figure  3.  Intra-  and  inter-molecular  interactions  implicated  in  auto-regulation  of 
Dbl  family  GEFs.  (a)  Potential  DPI/ PH  interaction  within  a  DH-PH  functional 
module  may  block  the  access  of  Rho  GTPase  substrates,  (b)  Interaction  between  an 
intramolecular  regulatory  domain  and  the  DH  or  PH  domain  may  mask  the  DH 
domain  and/  or  affect  the  targeting  function  of  the  PH  domain,  (c)  Oligomerization 
through  DH  domain  may  allow  the  recruitment  of  multiple  Rho  substrates  into  one 
signaling  complex. 

Figure  4.  Regulation  of  a  few  Dbl  family  GEFs  in  intracellular  signaling  networks,  (a) 
Phosphorylation  by  Ca^'"/ Calmodulin-dependent  kinase  II  or  related  kinases,  interaction 
with  PI-3  kinase  product  PIP3,  binding  to  cell  surface  molecule  CD44  or  cytoskeleton 
protein  ankyrin,  as  well  as  direct  coupling  to  activated  Ras,  may  be  involved  in  the 
translocation  and/or  activation  of  Tiaml  GEF  activity.  Interaction  with  the  tumor 
metastasis  supressor  nm23Hl,  on  the  other  hand,  negatively  regulates  Tiaml  GEF 
activity,  (b)  Heterotimeric  G-protein  Gal3  coupled  with  a  tyrosine  kinase  may  regulate 
intracellular  localization  and  GEF  activity  of  pllSRhoGEF.  (c)  |3PIX  may  serve  as  a 
scaffold  in  activation  of  Racl-PAK  pathway.  |3PIX  effectively  forms  a  stable  complex 
with  Rac,  PAK  and  other  molecules  such  as  Catl/ Git-1  and  may  exert  both  GEF- 
dependent  and  GEF-independent  functions  in  the  complex  signaling,  (d)  Heterotrimeric 
G-protein  Py  subunits,  small  G-protein  Rsrl,  multiple  adaptor  molecules  (Farl  and 
Beml),  Cdc42-effector  Cla4  kinase,  and  cell  cycle-dependent  kinase  together  contribute 
to  the  effective  onset  and  offset  of  the  GEF  activity  toward  Cdc42  and  the  intracellular 
localization  of  Cdc24. 
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Figure  5.  Mechanism  of  Racl  activation  by  the  DH-PH  module  of  Tiaml.  (a)  The  three- 
dimensional  view  of  Tiaml-Racl  tetramer  complex.  Two  identical  units  of  Tiaml-Racl 
complex  are  in  a  back-to-back  dimer  configuration  through  interaction  of  extensive 
hydrophobic  surface  areas  in  DH  domains.  Switch  regions  of  Racl  are  shown  in  red, 
and  the  rest  of  Racl  are  shown  in  green.  One  set  of  DH-PH  module  is  in  light  yellow 
and  light  blue,  and  the  other  unit  is  in  darker  colors,  (b)  Expanded  view  of  the  regions  of 
Tiaml-Racl  complex  that  specify  GEF-Rac  interaction.  The  (12/  (33  residues  S41,  N43, 
N52,  and  W56  of  Racl  form  both  hydrogen  bonds  and  van  der  Waal's  contacts  with  the 
a7/a7b  residues  Q1177,  S1179,  H1178,  E1183,  S1184,  and  11187  of  Tiaml. 
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Abstract 


The  mechanisms  by  which  the  formation  of  tight  junctions  and  desmosomes  are  regulated 
in  polarized  epithelial  cells  are  not  well  understood.  Here  we  demonstrate  that  an  increased 
intracellular  sodium  level  caused  by  the  inhibition  of  Na,K-ATPase  prevents  the  formation  of 
tight  junctions  and  desmosomes,  and  negatively  regulates  the  activity  of  RhoA  GTPase.  Our 
results  indicate  that  the  intracellular  sodium  level  maintained  by  the  Na,K-ATPase  is  an 
upstream  regulator  of  RhoA  GTPase  function  in  epithelial  cells  and  might  play  a  crucial  role  in 
the  biogenesis  of  polarized  epithelia.  These  results  demonstrate  that  the  Na,K-ATPase  activity 
not  only  regulates  a  variety  of  transport  functions  but  is  also  crucial  to  maintain  the  structure  of 
polarized  epithelial  cells. 
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Introduction 


Junctional  complexes  such  as  tight  junctions,  adherens  junctions,  and  desmosomes  play  a 
fundamental  role  in  maintaining  the  polarized  phenotype  and  vectorial  transport  functions  of 
epithelial  cells.  The  tight  junction  (zonula  occludens)  forms  a  continuous  belt  at  the  boundary 
between  the  apical  and  lateral  plasma  membrane  domains  of  neighboring  epithelial  cells^ 
Structurally  characterized  by  the  fusion  of  the  exoplasmic  leaflets  of  contiguous  plasma 
membranes,  tight  junctions  selectively  regulate  the  passage  of  molecules  across  the  paracellular 
pathway  (gate  function)  and  passively  separate  molecules  into  the  apical  and  basolateral  plasma 
membrane  domains  (fence  function).  A  functional  tight  junction  is  crucial  to  maintain  the 
polarized  phenotype  of  epithelial  cells^’^’"*.  The  adherens  junction  {zonula  adherens)  is  localized 
below  the  tight  junction  and  consists  of  cell  adhesion  and  signaling  molecules  and  may  regulate 
events  that  mediate  adhesion  between  epithelial  cells^.  Desmosomes  are  focal  points  of 
intercellular  contact  at  which  neighboring  cells  are  tightly  bound  to  one  another  and  provide 
resilience  and  tensile  strength  to  the  epithelial  monolayer^.  The  mechanisms  that  regulate  the 
formation  and  maintenance  of  these  junctions  in  epithelial  cells  are  not  well  understood. 

The  Na,K-ATPase  is  an  oligomeric  transmembrane  protein  consisting  of  two  non- 
covalently  linked  a-  and  P-subunits.  It  catalyses  an  ATP-dependent  transport  of  three  sodium 
ions  out  and  two  potassium  ions  into  the  cell  per  pump  cycle,  thereby  generating  a 
transmembrane  sodium  gradient  across  the  plasma  membrane.  The  sodium  gradient  generated  by 
the  enzyme  provides  the  primary  energy  for  uptake  and  extrusion  of  a  wide  variety  of  solutes  by 
epithelial  cells  and  is  crucial  for  efficient  functioning  of  other  Na'*'-coupled  transport  systems^’*. 
The  Na,K-ATPase  is  localized  to  the  basolateral  plasma  membrane  in  most  epithelial  cells  and 
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has  been  widely  used  as  a  marker  for  epithelial  polarity^.  However,  a  role  for  the  Na,K-ATPase 
itself  in  the  induction  of  epithelial  polarity  has  not  been  shown. 

Earlier  studies  have  implicated  E-cadherin  function  in  the  formation  and  maintenance  of 
junctional  complexes  and  the  polarized  phenotype  of  epithelial  cells'®’*'’'^.  E-cadherin  is  a 
transmembrane  protein  localized  to  the  basolateral  plasma  membrane  in  polarized  epithelial  cells 
and  mediates  cell-cell  contact  between  epithelial  cells  by  homophihc  interaction  .  Recent  studies 
using  a  negative  dominant  mutant  of  E-cadherin  in  MDCK  cells  did  not  affect  tight  junctions  or 
desmosomes'"^  indicating  that  other  factors  are  involved  in  the  maintenance  of  these  junctions  in 
MDCK  cells.  Recently,  we  have  shown  that  in  Moloney-sarcoma  virus  transformed  MDCK 
(MSV-MDCK)  cells  expression  of  E-cadherin  alone  was  not  sufficient  to  induce  tight  junctions 
and  desmosomes  and  that  it  required  co-expression  of  Na,K-ATPase  P-subunit  and  E-cadherin  to 
induce  these  junctions  and  a  polarized  phenotype  in  MSV-MDCK  cells’^.  We  also  found  that 
MSV-MDCK  cells  contain  about  three-fold  more  intracellular  sodium  levels  ([Na"^]])  compared  to 
wild  type  MDCK  cells.  Forced  expression  of  both  the  Na,K-ATPase  P-subunit  and  E-cadherin  but 
not  E-cadherin  alone  significantly  reduced  the  [Na'^jj  and  induced  a  polarized  phenotype  with  the 
formation  of  tight  junctions  and  desmosomes  in  MSV-MDCK  cells’^.  These  studies  indicated  that 
the  [Na"^]!  regulated  by  the  Na,K-ATPase  may  play  a  role  in  the  formation  of  epithelial  tight 
junctions  and  desmosomes  and  the  induction  of  a  polarized  phenotype  of  epithelial  cells. 

RhoA  GTPase,  a  Ras-related  small  GTP  binding  protein,  is  involved  in  the  formation  of 
stress  fibers  in  Swiss  3T3  cells'^’'^’'^.  Recent  studies  have  indicated  a  role  for  RhoA  GTPase  in 
the  assembly  and  function  of  tight  junctions  in  MDCK  cells  ’  ’  .  However,  mechanisms  that 
regulate  RhoA  function  in  polarized  epithelial  cells  are  not  known.  In  this  study,  we  demonstrate 
that  the  [Na^ji  regulated  by  Na,K-ATPase  is  crucial  for  the  formation  of  tight  junctions  and 
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desmosomes  and  that  inhibition  of  Na,K-ATPase  negatively  regulates  RhoA  GTPase  activity  in 
epithelial  cells.  These  results  for  the  first  time  provide  evidence  that  the  structure  and  function  of 
polarized  epithelial  cells  are  linked  and  that  the  Na,K-ATPase  plays  a  crucial  role  in  the 
regulation  of  the  structure-function  relationship  in  polarized  epithelial  cells. 
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Results 


To  understand  the  role  of  Na,K-ATPase  in  the  formation  of  tight  junctions  and 
desmosomes  we  utilized  a  Ca^’^-switch  assay  which  is  commonly  used  to  monitor  the 
development  of  junctional  complexes  in  MDCK  cells.  In  the  Ca^^-switch  assay^^,  MDCK 
monolayers  formed  in  the  presence  of  low  calcium  (<5pM)  medium,  are  transferred  to  medium 
containing  normal  calcium  levels  (1.8mM),  which  increases  cell-cell  contact  and  initiates  the 
assembly  of  junctional  complexes.  To  test  whether  Na,K-ATPase  enzymatic  activity  is  necessary 
for  the  development  of  junctions,  we  pretreated  MDCK  monolayers  maintained  in  low  calcium 
medium  with  ouabain  (50pM),  a  specific  inhibitor  of  Na,K-ATPase,  for  one  hour  prior  to 
transfer  to  normal  calcium  containing  medium.  At  selected  times,  the  cells  were  fixed  and  the 
presence  of  tight  junctions  was  monitored  by  immunofluorescence  localization  of  tight  junction 
proteins,  transmission  electron  microscopy  (TEM),  and  by  measuring  the  transepithelial 
electrical  resistance  (TER).  Desmosomes  were  visualized  by  immunofluorescence  of 
desmosomal  proteins  and  TEM. 

Prior  to  the  Ca^’*'-switch  (zero  hour),  the  tight  junction  protein  ZO-1  was  localized 
intracellular  in  both  control  and  ouabain-treated  cells  (Fig.  1 A  and  C).  At  one  and  two  hours  after 
the  Ca^^-switch,  ZO-1  was  localized  to  the  plasma  membrane  with  a  discontinuous  staining 
pattern.  A  visible  difference  in  the  ZO-1  staining  pattern  between  control  and  ouabain- treated 
cells  was  not  detected  at  these  time  points  (data  not  shown).  At  three  hours,  the  ZO-1  staining  in 
control  cells  showed  a  continuous  staining  pattern  (Fig.  IB)  indicating  that  the  tight  junctions 
were  established.  By  contrast,  in  ouabain-treated  cells,  the  ZO-1  staining  remained  discontinuous 
with  a  beaded  appearance  and  with  regions  clearly  lacking  ZO-1  (Fig.  ID,  arrows).  Prolonged 
incubation  did  not  change  the  discontinuous  staining  pattern  of  ZO-1.  Instead,  ZO-I  became 
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even  more  intracellular.  Other  tight  junction  proteins  such  as  occludin  showed  a  similar  staining 
pattern  (data  not  shown).  Ouabain  treatment  did  not  affect  the  protein  levels  of  ZO-1  as  revealed 
by  immunoblot  analysis  (data  not  shown).  These  results  showed  that  in  the  presence  of  ouabain 
tight  junction  proteins  translocate  to  the  plasma  membrane  but  fail  to  form  a  complete  ring-like 
pattern  like  in  control  cells. 

A  functional  tight  junction  is  required  to  maintain  the  polarized  distribution  of  distinct 
apical  and  basolateral  markers.  In  MDCK  cells  the  transepithelial  electrical  resistance  (TER) 
measurement  during  the  Ca^'^'-switch  assay  has  been  utilized  to  monitor  the  formation  of 
functional  tight  junctions^'’^^.  Cells  grown  on  Transwell  filters  were  subjected  to  a  Ca^'^-switch 
assay  and  the  development  of  TER  was  measured  as  described  in  Materials  and  Methods.  The 
TER  in  control  cells  gradually  increased  after  the  Ca^’^-switch  and  within  three  hours  reached  ~ 
200Q  cm^,  a  value  reported  for  MDCK  clone  (Fig.  IE).  In  contrast,  the  TER  in  ouabain- 
treated  cells  reached  only  ~  50Q  cm^  and  this  value  did  not  increase  over  four  hours  of  ouabain 
treatment.  Moreover,  confocal  microscope  vertical  (X-Z)  sections  revealed  a  polarized 
distribution  of  P-catenin  (a  basolateral  marker)  (Fig.lL)  and  GP135  (an  apical  marker)^"^ 

(Fig.  IN)  in  control  cells,  whereas,  in  ouabain-treated  cells  these  markers  were  distributed  in  a 
non-polarized  fashion  (Fig.  1  M,  O).  These  results  indicate  that  ouabain-mediated  inhibition  of 
Na,K-ATPase  activity  prevents  the  formation  of  functional  tight  junctions  and  epithelial 
polarization  in  MDCK  cells. 

To  follow  the  assembly  of  desmosomes  we  utilized  antibodies  against  desmoplakin,  a 
peripheral  membrane  protein  and  desmocollin,  a  transmembrane  protein  localized  to 
desmosomes^.  Both  markers  showed  identical  patterns.  The  results  obtained  from  the  anti- 
desmocollin  antibody  staining  are  shown  (Fig.  IF-I).  In  control  and  ouabain-treated  cells,  at  zero 
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hour  of  the  Ca^’^-switch,  desmocollin  was  distinctly  localized  intracellular  with  barely  detectable 
levels  on  the  plasma  membrane  (Fig.  IF  and  H).  After  three  hours  of  Ca^”^  switch  the 
desmocollin  staining  in  control  cells  revealed  a  distinct  dot  like  pattern  circumventing  the  cells, 
typical  of  the  desmosome  staining  pattern  in  MDCK  cells  (Fig.  IG).  By  contrast,  in  ouabain- 
treated  cells,  after  three  hours  of  Ca^^-switch,  desmocollin  was  predominantly  intracellular  with 
barely  detectable  staining  at  the  cell-cell  contacts  (Fig.  II).  This  pattern  was  maintained  after 
prolonged  incubation  with  ouabain.  The  immunofluorescence  staining  patterns  of  desmocollin 
and  desmoplakin  were  predominantly  intracellular  at  one  and  two  hours  after  the  Ca^’^-switch 
(data  not  shown).  Immunoblot  analysis  of  desmoglein  (a  membrane  component  of  the 
desmosome)  and  desmoplakin  did  not  show  significant  changes  in  the  levels  of  these  proteins  in 
ouabain-treated  cells  (data  not  shown).  These  results  demonstrate  that  inhibition  of  Na,K- 
ATPase  activity  prevents  the  translocation  of  desmosomal  proteins  to  the  plasma  membrane 
while  it  does  not  affect  the  translocation  of  tight  junction  proteins  to  the  plasma  membrane. 

To  further  confirm  the  effect  of  ouabain  on  the  assembly  of  tight  junctions  and 
desmosomes  we  performed  TEM  of  control  and  ouabain-treated  cells  after  three  hours  of  Ca^"^- 
switch.  TEM  revealed  the  presence  of  typical  tight  junctions,  adherens  junctions,  and 
desmosomes  in  cell-cell  contact  sites  in  control  cells  (Fig.  1 J).  In  contrast,  in  ouabain-treated 
cells  tight  junctions  and  desmosomes  were  rarely  detected,  although  adherens  junction  like 
structures  were  clearly  seen  (Fig.  IK).  Quantitative  analysis  of  the  TEM  data  was  performed  by 
scoring  the  number  of  tight  junctions  and  desmosomes  in  approximately  50  cell-cell  contact 
sites.  Control  cells  revealed  tight  junctions  and  desmosomes  in  96%  and  100%  of  cell-cell 
contacts,  respectively.  In  contrast,  ouabain-treated  cells  showed  putative  tight  junctions  in  only 
14%,  and  desmosome-like  structures  in  15%  of  the  cell-cell  contacts.  Ouabain-treated  cells 
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showed  typical  adherens  junctions  in  54%  of  the  cell-cell  contacts.  Taken  together,  these  results 
demonstrate  that  inhibition  of  Na,K-ATPase  by  ouabain  prevents  the  formation  of  tight  junctions 
and  desmosomes  and  the  polarized  phenotype  in  MDCK  cells. 

Next,  we  utilized  depletion  to  inhibit  Na,K-ATPase^^’^^’^’  and  to  confirm  the  effect  of 
ouabain-mediated  inhibition  of  Na,K-ATPase  activity  on  the  formation  of  tight  junctions  and 
desmosomes.  In  this  assay,  the  pump  function  can  be  restored  by  the  addition  of  K’*’  and  thus  the 
reversibility  of  the  effect  of  Na,K-ATPase  inhibition  can  be  tested.  MDCK  cells  maintained  in 
low  calcium  medium  were  pre-incubated  in  K”^-  and  Ca^’^-free  buffer  for  one  hour  to  inactivate 
the  Na,K-ATPase  and  the  Ca^'^-switch  assay  was  performed  in  K'^-ffee  medium. 
Immunofluorescence  staining  of  ZO-1  after  three  hours  of  switch  to  K'^-free  medium  containing 
Ca  showed  ZO-1  localized  to  the  plasma  membrane  although  without  forming  a  continuous 
ring  like  structure  (Fig.  2A).  This  pattern  was  similar  to  that  of  ouabain-treated  cells  (Fig.  ID). 
Subsequent  incubation  of  these  cells  for  five  hours  in  K'^-containing  medium  resulted  in  a 
complete  ZO-1  ring  circumventing  the  cells  (Fig.  2B).  The  TER  of  MDCK  cells  in  K’^-ffee 
buffer  did  not  increase  up  to  three  hours  after  the  Ca^'^-switch  (Fig.  2E).  However,  upon  transfer 
of  the  cells  from  K^-free  to  K^-containing  culture  medium,  the  resistance  increased  dramatically 
and  reached  a  value  of-  400  Q  cm^  (Fig.  2E)  within  only  two  hours  indicating  the  formation  of 
functional  tight  junctions.  Confocal  microscope  vertical  (X-Z)  sections  of  cells  maintained  in  K"^- 
free  medium  revealed  a  non-polarized  distribution  of  (3-catenin  (Fig.  2H)  and  GP135  (Fig.  2J). 
Subsequent  transfer  of  these  cells  to  K'^-containing  culture  medium  resulted  in  the  polarized 
distribution  of  these  markers  (Fig.  2  I,  K).  The  assembly  of  desmosomes  in  K'^-free  buffer  was 
similar  to  ouabain-treated  cells.  In  K^-free  buffer  the  translocation  of  desmocollin  to  the  plasma 
membrane  was  inhibited  and  the  staining  was  predominantly  intracellular  (Fig.  2C).  Subsequent 
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incubation  of  these  cells  in  K’^-containing  culture  medium  for  five  hours  resulted  in  a  dot-like 
desmocollin  staining  at  the  sites  of  cell-cell  contact  (Fig.  2D),  indicating  the  formation  of 
desmosomes.  Electron  microscopy  studies  confirmed  the  absence  of  tight  junctions  and 
desmosomes  in  MDCK  cells  maintained  in  K'^-free  buffer  (Fig.  2F)  while  a  subsequent  transfer 
to  K'^-containing  culture  medium  resulted  in  the  formation  of  tight  junctions  and  desmosomes 
(Fig.  2G).  Quantitative  TEM  analysis  of  cells  maintained  in  -free  buffer  showed  the  presence 
of  tight  junctions  and  desmosomes  in  only  2%  and  3%  of  cell-cell  contacts,  respectively.  After 
restoration  there  was  a  dramatic  increase  in  tight  junctions  and  desmosomes.  Tight  junctions 
were  detected  in  90%,  and  desmosomes  in  85%  of  cell-cell  contacts.  These  results  further 
demonstrate  that  Na,K-ATPase  enzymatic  activity  is  necessary  for  the  formation  of  tight 
junctions  and  desmosomes  in  MDCK  cells. 

Inhibition  of  Na,K-ATPase  results  in  an  increased  intracellular  sodium 
concentration  ’  ’  ’  and  sodium  measurements  using  atomic  emission  spectrometry  revealed 
that  the  intracellular  sodium  levels  [Na’^jj  of  MDCK  cells  (~12  mM)  increased  more  than  10- 
fold  upon  ouabain  treatment  or  7-fold  by  K"^  depletion.  To  test  whether  the  inhibition  of  tight 
junction  and  desmosome  formation  was  due  to  increased  intracellular  sodium  we  first  treated 
MDCK  cells  with  ouabain  in  Na'^-free  medium  to  prevent  the  increase  of  [Na^ji  after  ouabain 
treatment.  Cells  maintained  in  low  calcium  medium  were  subjected  to  a  Ca^'^-switch  in  a  Na"*"- 
free  medium  with  or  without  ouabain  as  described  in  Materials  and  Methods.  After  three  hours  of 
Ca^’^-switch,  the  cells  were  fixed  and  stained  for  tight  junction  and  desmosomal  proteins.  As 
shown  in  Figure  3,  both  control  (Fig.  3A)  and  ouabain-treated  cells  (Fig.  3B)  clearly  showed  a 
complete  ZO-1  ring  on  the  plasma  membrane  indicating  that  tight  junctions  are  formed  in  these 
cells.  Immunofluorescence  of  desmocollin  (Fig.3  C,  D)  and  desmoplakin  (not  shown)  revealed  a 
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distinct  dot  like  staining  pattern  circumventing  the  cells  in  both  control  (Fig.  3C)  and  ouabain- 
treated  cells  (Fig.  3D).  Both  control  and  ouabain-treated  cells  showed  high  TER  values  within 
four  hours  of  Ca^'^-switch  in  Na'^-free  medium  (Fig.  3E).  Under  Na'^-ffee  conditions  the  control 
cells  had  a  higher  TER  resistance  compared  to  cells  maintained  in  normal  medium  (compare  Fig. 
IE  and  3E),  possibly  due  to  decreased  tight  junction  permeability.  Confocal  microscope  vertical 
(X-Z)  sections  confirmed  the  polarized  distribution  of  p-catenin  and  GP135  in  both  control  and 
ouabain-  treated  cells  (Fig.  3H-K).  In  contrast  to  the  effect  of  ouabain  on  junction  formation  in 
Na^-containing  medium  ouabain  treatment  in  Na^-ffee  medium  did  not  decrease  the  number  of 
tight  junctions  or  desmosomes  in  both  control  (Fig.  3F)  and  ouabain-treated  cells  (Fig.  3G). 
Cell-cell  contacts  of  cells  in  Na^-ffee  medium  showed  tight  junctions  and  desmosomes  similar  to 
control  cells  in  Na'^-containing  medium.  These  results  indicate  that  the  observed  effect  of 
ouabain  on  the  formation  of  junctions  is  not  due  to  a  toxic  side  effect.  These  results  also  suggest 
that  the  low  intracellular  sodium  concentration  maintained  by  Na,K-ATPase  is  involved  in  the 
regulation  of  the  formation  of  tight  junctions  and  desmosomes  in  MDCK  cells. 

To  further  confirm  that  increased  intracellular  sodium  might  affect  the  formation  of  tight 
junctions  and  desmosomes  we  treated  MDCK  cells  with  the  sodium  ionophore  gramicidin  and  a 
potassium  ionophore,  valinomycin.  Gramicidin  A  is  an  ion-channel  forming  antibiotic  that 
greatly  facilitates  Na”^  entry  into  cells^^,  and  specifically  increases  the  intracellular  Na"*" 
concentration.  Valinomycin  is  a  cyclic  dodecadepeptide  that  transports  K'^  through  the  plasma 
membrane,  inducing  a  potassium  leak^' .  Intracellular  sodium  measurements  revealed  a  more  than 
12-fold  increase  in  [Na^]i  in  gramicidin  treated  cells  while  valinomycin  treated  cells  did  not 
reveal  a  significant  change  in  the  intracellular  sodium  levels  compared  to  untreated  MDCK  cells. 
Treatment  of  MDCK  cells  with  gramicidin  during  the  Ca^'^-switch  showed  an  effect  similar  to 
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that  of  ouabain.  While  at  zero  hour  ZO-1  was  localized  intracellular  (data  not  shown),  three 
hours  after  the  Ca^’*’-switch,  ZO-1  was  clearly  localized  on  the  plasma  membrane  although 
without  a  continuous  ring  pattern  (Fig.  4A).  The  immunofluorescence  staining  of  occludin 
showed  identical  results  (data  not  shown).  In  the  presence  of  gramicidin,  three  hours  after  the 
Ca^^-switch,  the  immunofluorescence  of  desmocollin  (Fig.  4B),  and  desmoplakin  (data  not 
shown)  showed  a  predominantly  intracellular  staining  pattern  similar  to  ouabain-treated  cells 
(compare  Figs.  4B  and  II).  In  contrast  to  gramicidin-treated  cells,  valinomycin-treated  cells 
behaved  more  like  control  cells.  While  at  zero  hour  ZO-1  was  localized  intracellular  (data  not 
shown),  three  hours  after  the  Ca^'^-switch  ZO-1  formed  a  continuous  ring  at  the  plasma 
membrane  (Fig.  4C).  Occludin  showed  a  similar  staining  pattern  (data  not  shown).  Both, 
desmocollin  (Fig.  4D)  and  desmoplakin  (data  not  shown)  showed  a  punctate  staining  pattern  at 
cell-cell  contact  sites.  Consistent  with  the  localization  of  tight  junction  proteins,  valinomycin- 
treated  cells  had  TER  values  of  about  250Q  cm^  within  four  hours.  In  contrast,  gramicidin- 
treated  cells  did  not  develop  TER  with  time  (Fig.  4E).  Confocal  microscope  vertical  (X-Z) 
sections  of  gramicidin  treated  cells  revealed  non-polarized  distribution  of  |3-catenin  (Fig.  4F)  and 
GP135  (Fig.  4H)  while  in  valinomycin  treated  cells  these  markers  were  distributed  in  polarized 
fashion  (Fig.  4G,  I).  Furthermore,  TEM  revealed  tight  junctions  and  desmosomes  in 
valinomycin-treated  cells,  but  showed  a  significant  decrease  injunctions  in  gramicidin-treated 
cells.  Quantitative  analysis  of  the  TEM  data  revealed  tight  junctions  and  desmosomes  in  100%  of 
the  cell-cell  contacts  in  valinomycin-treated  cells.  In  contrast,  gramicidin  treated  cells  showed 
putative  tight  junctions  in  only  23  %,  and  desmosome-like  structures  in  14  %  of  the  cell-cell 
contacts.  Taken  together,  these  results  demonstrate  that  an  increased  intracellular  sodium  level 
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prevents  the  assembly  of  functional  tight  junctions  and  desmosomes  and  the  induction  of  polarity 
in  MDCK  cells. 

Recent  studies  have  implicated  a  role  for  filamentous  actin  in  the  regulation  of  tight 
junctions'^’^'  and  desmosomes^^.  Therefore,  we  tested  whether  Na,K-ATPase  plays  a  role  in  the 
organization  of  the  actin  cytoskeleton  during  the  formation  of  tight  junctions  and  desmosomes  in 
MDCK  cells.  Organization  of  the  actin  cytoskeleton  was  monitored  by  FITC-phalloidin  labeling 
and  epifluorescence  microscopy.  In  control  cells,  at  zero  hour  stress  fibers  were  not  detected  at 
the  bottom  of  the  cells  (Fig.  5A).  After  one  hour  of  Ca^'^-switch  stress  fibers  began  to  appear  at 
the  bottom  of  the  cells  (data  not  shown)  and  after  three  hours  bundles  of  stress  fibers  were 
noticed  (Fig.  5B).  These  bundles  of  stress  fibers  gradually  disappeared  and  were  not  detected 
after  48  hours  of  Ca^'^-switch  (data  not  shown).  In  contrast,  in  ouabain-treated  cells  the  bundled 
stress  fibers  did  not  form  (Fig.  5C  and  D).  However,  these  cells  showed  a  distinct  cortical  actin 
cytoskeleton  at  the  bottom  of  the  cells  (Fig.  5D).  Like  in  ouabain-treated  cells,  depletion  also 
inhibited  the  formation  of  bundles  of  stress  fibers  and  induced  a  distinct  cortical  actin  at  the  base 
of  the  cells  (Fig.  5E).  Adding  K'^to  the  cells  maintained  in  low  resulted  in  bundles  of  stress 
fibers  as  seen  in  control  cells  (compare  Fig.  5B  and  F).  The  formation  of  bundled  stress  fibers 
was  markedly  inhibited  by  gramicidin  but  not  by  valinomycin  (data  not  shown).  These  results 
strongly  suggest  that  the  transient  formation  of  bundled  stress  fibers  may  play  a  role  in  the 
assembly  of  tight  junctions  and  desmosomes  and  that  inhibition  of  Na,K-ATPase  prevents  the 
formation  of  bundled  stress  fibers. 

The  RhoA  GTPase  has  been  implicated  in  the  regulation  of  actin  stress  fiber  formation  in 
fibroblasts  and  in  epithelial  cells  ’  ’  ’  .  Moreover,  both  RhoA  and  Racl,  a  closely  related 
family  member,  have  been  shown  to  be  essential  for  the  assembly  and  the  fimction  of  tight 
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junctions  in  MDCK  cells^’.  Therefore,  we  tested  the  possible  involvement  of  these  GTPases  in 
the  Na,K-ATPase  mediated  formation  of  junctional  complexes.  For  this  purpose,  we  determined 
the  endogenous  levels  of  active  RhoA  in  control  cells  and  ouabain-treated  cells  using  an  in  vitro 
biochemical  assay^'^’^^.  In  this  assay,  GST-Rhotekin,  a  GST-fiision  protein  containing  the  Rho 
binding  domain  (which  binds  active  RhoA  bound  to  GTP)  is  incubated  with  cell  lysate  and  the 
bound,  active  RhoA  is  detected  by  immunoblot  analysis.  The  specificity  of  this  assay  is 
demonstrated  by  loading  the  cell  lysate  with  a  non-hydrolyzable  analog  of  GTP,  GTPyS  (total 
RhoA)  and  by  replacing  GTPyS  with  GDP  that  inactivates  Rho  and  therefore  does  not  bind  to 
GST-Rhotekin  (Fig.  5G,  compare  lanes  9  and  10).  Consistent  with  the  formation  of  stress  fibers, 
control  cells  showed  high  levels  of  active  RhoA  (Fig.  5G,  lanes  5-8  and  Fig.  5G')  compared  to 
ouabain-treated  cells  in  which  the  level  of  active  RhoA  gradually  decreased  and  became 
undetectable  after  two  hours  treatment  (Fig.  5G,  lanes  1-4  and  Fig.  5G').  The  protein  levels  of 
RhoA  remained  unchanged  in  both  control  and  ouabain-treated  cells  (Fig.  5G,  labeled  as  total, 
lanes  1-10).  Like  in  ouabain-treated  cells,  depletion  of  resulted  in  the  inhibition  of  RhoA 
activity  (Fig.  5H,  lanes  1-3  and  Fig.  5H').  and  addition  of  resulted  in  the  reappearance  of  the 
RhoA  activity  (Fig.  5H,  lanes  4  and  5  and  Fig.  5H').  These  results  indicate  that  the  Na,K-ATPase 
activity  has  a  direct  impact  on  the  activation  state  of  RhoA.  Gramicidin-treated  cells  showed 
reduced  RhoA  activity  compared  to  valinomycin  treated  cells  (Fig.  51,  compare  lanes  2-4  to  5-7, 
and  Fig.  51')  indicating  that  increased  intracellular  sodium  inhibits  the  function  of  RhoA.  We  also 
measured  the  endogenous  Racl  activity  in  response  to  the  modulation  of  Na,K-ATPase  activity 
and  found  that  neither  the  expression  level  nor  the  activation  state  of  Racl  was  affected  by 
ouabain  or  K'^-depletion  (data  not  shown).  Thus,  Na,K-ATPase  appears  to  be  a  specific 
upstream  regulator  of  RhoA  GTPase. 
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To  further  validate  the  specific  role  of  RhoA  in  the  formation  of  tight  junctions  and 
desmosomes  we  utilized  MDCK  cells  expressing  wild  type  RhoA  GTPase  (MDCK-RhoA  wt) 
under  the  control  of  the  tetracycline  repressible  transactivator.  In  MDCK-RhoA  wt  cells,  the 
levels  of  RhoA  increased  several  fold  after  withdrawal  of  the  transcription  repressor  doxicycline 
(DC)  (Fig.  6A)^^.  In  induced  cells  (-DC)  the  level  of  active  RhoA  was  2.7-  fold  more  than  that  of 
control  cells  maintained  in  the  presence  of  doxicycline  (-I-DC).  Three  hours  after  ouabain 
treatment,  induced  cells  showed  2.1 -fold  more  active  RhoA  GTPase  than  uninduced  cells  (Fig. 
6B).  Consistent  with  the  presence  of  active  RhoA  in  induced  cells,  bundled  stress  fibers  were 
distinctly  seen  after  three  hours  of  ouabain  treatment,  whereas  these  fibers  were  scarcely  present 
in  uninduced  cells  (Fig.  6C  and  D).  Upon  ouabain  treatment  RhoA  induced  cells  revealed  an 
uninterrupted  ZO-1  staining  pattern,  whereas  uninduced  cells  showed  a  disrupted  staining  pattern 
(Fig.  6E  and  F).  The  TER  of  ouabain  treated  induced  cells  was  significantly  higher  than  that  of 
uninduced  cells  (P<0.01)  (Fig.  61).  Furthermore,  confocal  microscope  vertical  sections  revealed  a 
polarized  distribution  of  p-catenin  and  GP135  in  induced  ouabain  treated  cells  (Fig.  6J  and  L).  In 
contrast,  in  noninduced  cells  these  markers  were  distributed  in  a  non-polarized  fashion  (Fig.  6K 
and  M).  These  results  demonstrate  that  functional  tight  junctions  are  formed  even  in  the  presence 
of  ouabain  in  RhoA  over-expressing  cells.  Desmocollin  revealed  a  distinct  plasma  membrane 
localization  in  induced  ouabain  treated  cells  (Fig.  6G),  whereas  uninduced  cells  showed  an 
intracellular  staining  pattern  (Fig.  6Ft).  TEM  revealed  tight  junctions  and  desmosomes  in  88%  of 
the  cell-cell  contacts  in  induced  ouabain  treated  cells,  whereas  uninduced  cells  showed  putative 
tight  junctions  in  only  12  %  and  desmosome-like  structures  in  18  %  of  the  cell-cell  contacts  (Fig. 
6N  and  O).  These  results  further  demonstrate  that  Na,K-ATPase  mediates  its  action  through 
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RhoA  and  that  RhoA  function  is  essential  for  the  formation  of  tight  junctions  and  desmosomes 
and  to  maintain  the  polarized  phenotype  of  MDCK  cells. 

The  cell  adhesion  molecule  E-cadherin  has  been  implicated  in  the  formation  and 
maintenance  of  tight  junctions  and  desmosomes"’*^.  Therefore,  we  tested  whether  ouabain 
treatment  of  MDCK  cells  affects  the  expression  or  localization  of  E-cadherin  in  these  cells.  In 
control  cells,  at  zero  hour  E-cadherin  showed  a  predominant  intracellular  staining.  At  this  time 
point  the  plasma  membrane  localization  of  E-cadherin  was  barely  detectable  (Fig.  7A).  After 
three  hours  of  Ca^’^-switch  the  intracellular  staining  of  E-cadherin  decreased  dramatically  while 
the  plasma  membrane  staining  increased  (Fig.  7B).  In  ouabain-treated  cells  at  zero  hour  E- 
cadherin  was  localized  intracellularly  similar  to  that  of  control  cells  (Fig.  7C).  At  three  hours 
after  Ca^'*'-switch,  like  in  control  cells,  the  intracellular  E-cadherin  staining  decreased  and  the 
plasma  membrane  staining  increased  at  cell-cell  contact  sites  (Fig.  7D).  Immunoblot  analysis  of 
total  cell  lysates  of  control  and  ouabain-treated  cells  showed  no  differences  in  the  levels  of  E- 
cadherin,  a-,  P-,  and  y-catenin  (Fig.  7E).  Co-immunoprecipitation  showed  no  detectable 
differences  in  the  levels  of  a-,  P-,  and  y-catenin  associated  with  E-cadherin  in  control  and 
ouabain-treated  cells  (data  not  shown).  In  addition,  ouabain-treated  cells  revealed  adherens 
junctions  (Fig.  IK),  the  formation  of  which  requires  functional  E-cadherin* '’*^’^.  These  results 
indicate  that  E-cadherin  is  functional  in  ouabain  treated  cells  and  that  inhibition  of  Na,K-ATPase 
function  did  not  affect  the  expression  or  localization  of  E-cadherin  and  catenins  in  MDCK  cells. 
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Discussion 


We  utilized  two  independent  methods,  ouabain  treatment  and  depletion  to  show  that 
inhibition  of  Na,K-ATPase  increases  [Na'^]i  and  prevents  the  formation  of  functional  tight 
junctions,  desmosomes  and  the  induction  of  polarity  in  MDCK  cells.  A  role  for  [Na’^ji  in  the 
formation  of  these  junctions  is  further  demonstrated  by  using  the  sodium  ionophore  gramicidin. 
The  presence  of  these  junctions  in  cells  treated  with  ouabain  in  Na^-ffee  media  rule  out  that  the 
observed  effects  of  ouabain  are  not  due  to  a  toxic  side  effect.  Rapid  restoration  of  tight  junctions, 
desmosomes  and  epithelial  polarity  upon  K’^-repletion  further  demonstrated  that  the  effects  of 
Na,K-ATPase  inhibition  were  neither  toxic  nor  a  dead  end  in  the  assembly  of  functional  tight 
junctions,  desmosomes  and  the  induction  of  polarity.  By  biochemical  quantification  of  active 
RhoA  we  demonstrated  that  the  [Na’^Ji  maintained  by  the  Na,K-ATPase  is  crucial  for  the  normal 
functioning  of  RhoA  GTPase  and  that  inhibition  of  Na,K-ATPase  negatively  regulates  RhoA 
function  in  MDCK  cells. 

ZO-1  was  clearly  localized  on  the  plasma  membrane  in  Na,K-ATPase  inhibited  MDCK 
cells.  Nevertheless,  lack  of  TER  indicates  that  Na,K-ATPase  function  is  essential  for  the 
formation  of  functional  tight  junctions.  E-cadherin  dependent  signaling  events  have  been 
suggested  to  mediate  the  translocation  of  tight  junction  proteins  from  the  cytoplasm  to  the 
plasma  membrane  ’  .  Since  ouabain-treated  MDCK  cells  express  functional  E-cadherin,  the 
localization  of  tight  junction  proteins  at  the  plasma  membrane  suggests  that  E-cadherin  mediated 
signaling  events  might  not  have  been  affected  in  these  cells.  It  has  been  suggested  that  tight 
junctions  and  desmosomes  are  formed  in  a  co-ordinate  manner  following  E-cadherin  mediated 
cell-cell  contact  in  epithelial  cells  Our  results  strongly  suggest  that  the  formation  of  tight 
junctions  and  desmosomes  are  regulated  by  independent  mechanisms.  While  the  tight  junction 
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proteins  were  clearly  localized  to  the  plasma  membrane  after  the  calcium  switch  in  the  presence 
of  ouabain,  and  -depletion  the  localization  of  desmosomal  proteins  to  the  plasma  membrane 
was  highly  reduced  and  desmosomes  were  poorly  assembled  under  these  conditions.  These 
results  demonstrate  that  signaling  events  that  mediate  the  translocation  of  desmosomal  proteins 
to  the  plasma  membrane  and  the  formation  of  desmosomes  requires  the  function  of  Na,K- 
ATPase  and  might  be  regulated  in  part  by  E-cadherin-independent  mechanisms. 

Although  studies  using  inhibitors  and  mutant  forms  of  RhoA  GTPase  have  implicated  a 
role  for  RhoA  GTPase  in  the  assembly  of  tight  junctions’ ,  we  now  demonstrate  by 
biochemical  quantification  that  active  RhoA  GTPase  is  essential  for  the  assembly  of  functional 
tight  junctions,  desmosomes  and  induction  of  polarity  in  MDCK  cells.  Ouabain  treatment 
consistently  reduced  the  activity  of  endogenous  active  RhoA  in  wild  type  MDCK  cells  and  of 
exogenously  expressed  RhoA  in  the  MDCK  T23  clone  indicating  that  inhibition  of  Na,K- 
ATPase  specifically  inhibits  RhoA  activity.  Despite  the  plasma  membrane  localization  of  tight 
junction  proteins,  TER  measurements  revealed  that  the  formation  of  functional  tight  junctions  is 
inhibited  when  active  RhoA  GTPase  levels  were  drastically  reduced  upon  inhibition  of  Na,K- 
ATPase.  These  results  are  consistent  with  studies  in  which  expression  of  a  dominant  negative 
form  of  RhoA  in  MDCK  cells  resulted  in  the  localization  of  tight  junction  proteins  on  the  plasma 
membrane  yet  these  cells  failed  to  form  functional  tight  junctions  Moreover,  when  sufficient 

levels  of  active  RhoA  is  maintained  by  over  expression  of  wild  type  RhoA,  functional  tight 
junctions  were  formed  even  in  the  presence  of  ouabain  indicating  that  RhoA  function  is  crucial 
for  the  formation  of  functional  tight  junctions  in  MDCK  cells^'.  Our  biochemical  analysis 
revealed  that  the  levels  of  active  Rac  1  remained  the  same  in  control  and  ouabain  treated  cells 
(data  not  shown)  indicating  that  Na,K-ATPase  mediates  its  action  specifically  through  RhoA 
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GTPase.  We  suggest  that  after  the  tight  junction  proteins  are  targeted  to  the  tight  junction  region, 
actin  polymerization  mediated  by  RhoA  GTPase  might  be  necessary  for  the  molecular 
reorganization  and  association  of  tight  junction  proteins  such  as  ZO-1  to  the  actin  cytoskeleton 
for  the  final  assembly  of  functional  tight  junctions.  Plasma  membrane  localization  of 
desmosomal  proteins  and  the  formation  of  desmosomes  in  ouabain  treated  cells  over  expressing 
wild  type  RhoA  demonstrates  that  Na,K-ATPase  regulated  RhoA  function  is  essential  for  both 
the  translocation  of  desmosomal  proteins  to  the  plasma  membrane  and  the  formation  of 
desmosomes  in  MDCK  cells.  These  events  may  require  active  actin  polymerization  mediated 
active  RhoA  GTPase.  In  fact,  a  recent  study  clearly  demonstrated  a  role  for  stress  fibers  in  the 
assembly  of  desmosomes  in  keratinocytes^^.  Polarized  distribution  of  apical  and  basolateral 
markers  in  RhoA  induced  MDCK-RhoA  wt  cells  treated  with  ouabain  indicate  that  Na,K-ATPase 
regulated  RhoA  GTPase  function  is  essential  to  maintain  the  polarity  in  MDCK  cells. 

Increased  [Na"^]!  due  to  either  inhibition  of  Na,K-ATPase  or  by  gramicidin  treatment 
significantly  reduced  the  RhoA  activity.  Restoration  of  RhoA  activity  upon  repletion  strongly 
suggests  that  increased  [Na"^]!  negatively  and  reversibly  regulates  RhoA  function.  The 
mechanism  by  which  increased  [Na^]j  affects  RhoA  function  is  currently  not  known.  It  is 
possible  that  Na"^  might  directly  bind  to  specific  regulators  of  RhoA  to  modulate  its  function  or 
the  consequent  changes  induced  by  disruption  of  Na"^  gradient,  such  as,  changes  in  intracellular 
pH,  calcium,  and  membrane  depolarization  may  affect  RhoA  function.  RhoA  activity  is 
modulated  by  a  set  of  regulatory  proteins.  Rho  is  activated  through  GDP-GTP  exchange,  which 
is  promoted  by  guanine  nucleotide  exchange  factors  (GEFs),  whereas  inactivation  is  stimulated 
by  GTPase  activating  proteins  (GAPs)'^’^^’'^.  Stabilization  of  the  inactive  GDP-bound  form  of 
Rho  appears  to  be  mediated  by  Rho  guanine  nucleotide  dissociation  inhibitors  (Rho-GDIs)’^’^^’’^ 
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Our  biochemical  assay  directly  detects  the  GTP  bound  form  of  RhoA.  Therefore,  reduced  RhoA 
activity  upon  inhibition  of  Na,K-ATPase  activity  suggests  that  increased  [Na'^ji  may  either  . 

inhibit  the  function  of  GEFs  resulting  in  the  accumulation  of  the  inactive  form  of  Rho  (Rho- 
GDP)  or  may  promote  the  functions  of  GAPs  or  Rho-GDIs  affecting  the  activation  of  Rho. ^e 
recognize  that  increased  [Na"^]!  may  induce  multiple  biochemical  changes  in  cell2  Howeverj — 
iQrapid  reversibility  of  effects  induced  by  Na,K-ATPase  inhibition  such  as  formation  of  tight 
junctions,  desmosomes,  bundled  actin  stress  fibers,  restoration  of  RhoA  activity  and  induction  of 
polarity  by  K'^-repletion  strongly  suggests  that  normal  [Na'^ji  maintained  by  Na,K-ATPase  plays 


a  crucial  role  in  the  assembly  of  junctions  and  induction  of  polarity  in  epithelial  cells. 

Despite  functional  E-cadherin  expression  in  ouabain-treated  cells,  absence  of  functional 
tight  junctions  and  desmosomes  and  lack  of  polarity  indicates  that  E-cadherin  function  is  not 
sufficient  for  the  formation  of  these  junctions  and  the  induction  of  polarity  in  MDCK  cells. 
Supporting  our  data,  Troxell  et  al'^^  have  shown  that  expression  of  a  dominant  negative  mutant  of 
E-cadherin  in  MDCK  cells  did  not  affect  tight  junctions  or  desmosomes.  In  fact,  the  number  of 
tight  junction  strands  increased  in  cells  expressing  the  dominant  negative  mutant  of  E-cadherin. 
Potempa  and  Ridley  have  shown  that  hepatocyte  growth  factor  stimulation  in  MDCK  cells  did 
not  affect  tight  junctions  and  desmosomes  but  specifically  affected  adherens  junctions  the 
formation  of  which  requires  functional  E-cadherin.  Furthermore,  we  have  shown  that  ectopic 
expression  of  E-cadherin  alone  in  MSV-MDCK  cells  is  not  sufficient  to  induce  tight  junctions 
and  desmosomes  and  that  only  when  Na,K-ATPase  function  was  sufficiently  restored  by  co¬ 
expression  of  both  E-cadherin  and  P-subunit  of  Na,K-ATPase  tight  junctions  and  desmosomes 
were  formed  in  these  cells’^.  In  view  of  these  recent  results,  we  suggest  that  E-cadherin  mediated 
cell-cell  contacts  have  a  role  in  the  signaling  events  that  mediate  translocation  of  tight  junction 
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proteins  to  the  plasma  membrane,  an  essential  event  required  for  the  assembly  of  tight  junctions 
in  epithelial  cells.  Thus,  E-cadherin  function  is  essential  but  may  not  be  sufficient  for  the 
formation  of  functional  tight  junctions  and  the  induction  of  polarity  in  MDCK  cells.  Formation 
of  functional  tight  junctions  and  desmosomes  might  be  mediated  by  E-cadherin  independent 
mechanisms  that  require  normal  functioning  of  Na,K-ATPase. 

Based  on  our  results  we  propose  a  model  for  the  formation  of  tight  junctions  and 
desmosomes  in  epithelial  cells.  According  to  this  model  tight  junctions  and  desmosomes  are 
formed  in  parallel  by  two  independent  pathways  (Fig.  8)  yet  linked  by  RhoA  GTPase.  E-cadherin 
mediated  signaling  events  translocate  tight  junction  proteins  from  the  cytoplasm  to  the  plasma 
membrane.  Formation  of  functional  tight  junctions  requires  active  polymerization  of  actin 
mediated  by  RhoA.  The  desmosomal  assembly  might  be  mediated  by  signaling  events  regulated 
by  Na,K-ATPase.  These  signaling  events  might  be  directly  involved  in  the  translocation  of 
desmosomal  proteins  to  the  plasma  membrane.  Alternatively,  RhoA  mediated  actin 
polymerization  could  be  involved  in  the  translocation  of  desmosomal  proteins  to  the  plasma 
membrane  and  the  final  assembly  of  desmosomes.  Thus,  Na,K-ATPase  mediated  RhoA  function 
may  play  a  central  role  in  the  formation  of  tight  junctions  and  desmosomes  and  thus  in  the 
biogenesis  of  polarized  epithelia. 
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Materials  and  Methods 


Ca^^switch  assay 

Confluent  MDCK  monolayers  (clone  II  passage  4  kindly  provided  by  Dr.  Enrique 
Rodriguez-Boulan)  were  subjected  to  calcium  switch  assay  as  described  earlier^^.  Briefly,  the 
cells  were  trypsinized  until  single  cell  suspensions  were  obtained  and  plated  onto  Costar 
Transwells  with  0.4  pm  pore  size  (Coming  Inc.,  Coming,  NY)  (3x10^  cells/24  mm)  or  glass 
coverslips  in  a  12-well  tissue  culture  plate  (4x10^  cells/well).  The  cells  were  allowed  to  attach  in 
normal  Ca^"^-containing  DMEM  (1.8  mM  Ca^"^).  Thereafter,  the  cells  were  rinsed  gently  in 
SMEM  (Life  Technologies,  Inc.  Rockville,  MD)  containing  <5  pM  Ca^”^  (low  Ca^”^  medium)  and 
5%  dialyzed  fetal  bovine  semm  (FBS)  and  incubated  for  about  16  h  at  37°C.  Prior  to  transfer  of 
the  cells  to  medium  containing  normal  Ca^Mevels  (1.8  mM)  the  MDCK  monolayers  were 
pretreated  with  either  Ouabain  (50  pM,  Sigma  Chemical  Co.  St.Louis  MO),  Gramicidin  (1  pM, 
Molecular  Probes,  Eugene,  OR),  or  Valinomycin  (50  pM,  Molecular  Probes)  for  one  hour  in  low 
Ca^"^  medium  at  37°C.  DMSO,  used  as  a  solvent  for  these  dmgs,  was  added  to  control  cells.  For 
the  switch,  the  low  Ca  -medium  was  replaced  by  normal  culture  medium  containing  the 
corresponding  dmgs  and  the  cells  were  incubated  at  37°C  for  indicated  times.  Sodium  free 
conditions  were  obtained  as  described  in  Fernandez  and  Malnic'^'^.  For  this  purpose  single  cell 
suspension  of  MDCK  cells  were  plated  onto  Transwells,  allowed  to  attach,  and  incubated  in  low 
Ca^"^  medium  as  described  above.  The  switch  was  performed  using  NMDG  buffer  in  which  NaCl 
was  substituted  with  N-methyl-D-glucamine  (NMDG,  Sigma  Chemical  Co.)  (5  mM  KCl,  1.8 
mM  CaCl2,  1  mM  MgCl2,  30  mM  Hepes,  147  mM  N-methyl-D-glucamine,  10  mM  Glucose,  pH 
7.4).  Prior  to  the  experiment  the  cells  were  rinsed  twice  with  Ca^^-free  NMDG  buffer  (NMDG 
buffer  lacking  CaCl2  and  FBS)  and  then  incubated  in  Ca^’^-free  NMDG  buffer  containing  5% 
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dialyzed  FBS  and  either  DMSO  or  ouabain  as  described  above.  For  the  switch  the  Ca^^-free 
NMDG-buffer  was  replaced  with  NMDG-buffer  containing  DMSO  or  ouabain,  respectively,  and 
the  cells  were  incubated  at  37°C  for  up  to  4  hours.  Potassium  free  conditions  were  obtained  as 
described  in  Le  et  af^.  For  this  purpose,  the  Ca^"^  switch  was  performed  using  a  K’*'-free  buffer 
(140  mM  NaCl,  1.8  mM  CaCb,  1  mM  MgCb,  20  mM  Hepes,  10  mM  Glucose,  pH  7.4)  which 
contained  5%  FBS  dialyzed  against  the  K^-free  buffer.  Prior  to  the  experiment  the  cells  were 
rinsed  twice  with  Ca^"^-  and  K'^-free  buffer  (K'^-free  buffer  lacking  CaCl2)  and  pre-incubated  in 
Ca^’*’-/K'*^-free  buffer/5%  FBS  for  one  hour.  For  the  repletion  the  cells  were  incubated  in 
normal  medium  at  37°C  for  3-5  hours.  The  Ca^'^-switch  assays  for  MDCK-RhoA  wt  cells  were 
performed  as  described  earlier^^. 

Immunofluorescence  and  confocal  microscopy 

Immunofluorescence  was  performed  on  cells  fixed  with  methanol  as  described 
previously^^.  Antibodies  against  ZO-1  and  occludin  (Zymed  Laboratories  Inc.,  S.  San  Francisco, 
CA),  desmocollin  (DC7G6,  gift  from  Dr.  Wheelock),  desmoplakin  (gift  from  Dr.  Manijeh 
Pasdar),  and  E-cadherin  (DECMA,  Sigma  Chemical  Co)  were  used.  To  detect  filamentous  actin 
the  cells  were  fixed  in  paraformaldehyde  and  labeled  with  FITC-phalloidin  (Sigma  Chemical 
Co).  Epifluorescence  analysis  was  performed  using  an  Olympus  AX  70  (Provis)  microscope. 
Confocal  microscopy  to  monitor  polarized  distribution  of  domain  specific  markers  was 
performed  as  described  earlier^^  using  as  a  Fluoview  laser  scanning  confocal  microscope 
(Olympus  America  Inc,  Melville,  NY).  To  detect  FITC-  labeled  antigens,  samples  were  excited 
at  488  nm  with  an  Argon  laser  and  the  light  emitted  between  525-540  nm  was  recorded.  Images 
were  generated  and  analyzed  using  the  Fluoview  image  analysis  software  (version  2.1.39). 
Immunoblot  analysis 
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For  immunoblot  analysis,  monolayers  were  lysed  in  a  lysis  buffer  (95  mM  NaCl,  25  mM 
Tris  pH  7.4,  0.5  mM  EDTA,  2  %  SDS,  1  mM  phenylmethylsulfonyl  fluoride  (PMSF),  and  5 
pg/ml  each  of  antipain,  leupeptin,  and  pepstatin).  The  lysates  were  briefly  sonicated  and 
centrifuged  at  14,000  rpm  in  a  micro fuge  for  10  min.  The  supernatants  were  used  for  further 
analysis.  Protein  concentrations  of  the  cell  lysates  were  determined  using  the  BioRad  DC  reagent 
(BioRad  Laboratories,  Hercules,  CA)  according  to  manufacturer’s  instructions.  Equal  amounts  of 
protein  (100  pg)  were  separated  by  SDS-PAGE  and  transferred  to  nitrocellulose  membrane 
(Schleicher  &  Schuell  Inc.,  Keene,  NH).  The  blots  were  blocked  with  10  %  non-fat  dry  milk  in 
PBS  and  then  incubated  for  2  hrs  at  RT  with  primary  antibody  diluted  in  10  %  milk/PBS.  After 
incubation  the  blots  were  washed  three  times  with  PBS/0.3  %  Tween-20  and  then  incubated  for  1 
hr  at  RT  with  FlRP-conjugated  secondary  antibody  (1 :4000  in  10  %  milk).  Bound  antibody  was 
detected  by  peroxidase-catalyzed  enhanced  chemiluminescence  (ECL)  (NEN  Life  Science 
Products,  Boston,  MA).  Densitometric  analysis  and  quantification  of  the  intensity  of  the 
individual  bands  was  carried  out  with  an  ImageQuant  software  package  (Molecular  Dynamics, 
Sunn3wale,  CA). 

Transepithelial  electrical  resistance  (TER)  measurements 

To  measure  the  transepithelial  electrical  resistance,  the  cells  on  Transwell  filters  were 
subjected  to  the  Ca  -switch  assay  as  described  above  and  at  the  indicated  time  points  the 
resistance  of  the  monolayers  was  determined  using  an  EVOM  Epithelial  Voltohmeter  (World 
Precision  Instruments,  Inc.,  Sarasota,  FL).  The  values  were  normalized  for  the  area  of  the  filter 
after  subtracting  the  background  resistance  of  a  filter  without  cells. 


24 


Electron  microscopy 

Confluent  monolayers  grown  on  Transwells  (see  above)  were  fixed  in  2.5% 
glutaraldehyde  in  0.1  M  sodium  cacodylate  buffer,  pH  7.4,  for  2-4  hours  at  room  temperature  and 
processed  for  transmission  electron  microscopy  as  described  earlier  .  Ultrathin  sections  were 
contrasted  with  uranyl  acetate  and  lead  citrate  and  examined  with  a  Joel  (1200EX)  electron 
microscope.  The  presence  of  tight  junctions  and  desmosomes  was  quantified  in  approximately  50 
randomly  selected  cell-cell  contact  sites  in  each  experiment.  In  MDCK  cells  adherens  junctions 
were  not  easily  discemable  when  tight  junctions  were  present  and  therefore  they  were  not 
quantified.  However,  when  tight  junctions  were  absent,  like  in  ouabain  treated  cells,  adherens 
junctions  were  clearly  observed  and  quantified.  Representative  results  are  shown. 

Endogenous  RhoA/Racl  activity  assay 

The  glutathione  agarose-immobilized  GST-PAKl,  which  contains  the  Racl  interactive 
domain  of  human  PAKl  (residues  51-135)  and  GST-Rhotekin  which  contains  the  Rho  binding 
domain  of  Rhotekin  (residues  1-89)  were  expressed  and  purified  in  E.  coli  by  using  the  pGEX- 
2T  vector  as  described  earlier^”^’^^.  The  cells  were  washed  with  ice-cold  PBS  buffer  once  before 
lysis  on  the  dish  in  a  buffer  containing  50  mM  TrisHCl,  pH  7.4,  100  mM  NaCl,  10  mM  MgCla, 
1%  Triton  X-100,  1  mM  DTT,  10  pg/ml  each  of  leupeptin  and  aprotinin,  and  1  mM  PMSF  at 
4°C.  Cell  lysates  were  clarified  by  centrifugation  at  13,000  g  at  4°C  for  10  min.  To  load  the 
endogenous  small  G-proteins  with  GDP  or  GTPyS,  aliquots  of  lysates  were  incubated  for  10  min 
at  ambient  temperature  in  the  presence  of  10  mM  EDTA  and  0.5  mM  GDP  or  GTPyS.  The 
loading  reactions  were  stopped  by  the  addition  of  20  mM  MgCl2  and  switching  the  temperature 
to  4°C.  Equal  volumes  of  lysates  were  incubated  with  GST-PAKl  or  GST-Rhotekin  (10  pg  per 
lysate  sample)  immediately  for  40  min  at  4°C  under  constant  agitation.  The  lysate-incubated 
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beads  were  washed  three  times  with  the  lysis  buffer,  and  the  bound  RhoA  and  Racl,  were 
detected  by  anti-RhoA  and  anti-Racl  antibodies  (Santa  Cruz  Biotech.,  Inc.  Santa  Cruz,  CA 
Upstate  Biotechnology,  Inc.  Lake  Placid,  NY)  and  visualized  by  enhanced  chemiluminescence 
(ECL)  (NEN  Life  Science  Products,  Boston,  MA).  Quantification  of  the  immunoblots  was 
performed  using  Alphalmager  system  (Alpha  Innotech,  SanLeandro,  CA).  For  comparison  of  the 
level  of  the  active  RhoA  and  Racl,  the  amount  of  GST-Rhotekin  or  PAK-bound  small  GTP- 
binding  protein  was  normalized  to  the  total  amount  of  RhoA  and  Racl  in  cell  lysates  in  each 
sample. 

Atomic  emission  spectrometry 

Subconfluent  monolayers  of  MDCK  cells  treated  without  or  with  50  pM  ouabain,  1  pM 
Gramicidin,  or  50  pM  Valinomycin  for  2  hours  or  cells  incubated  in  K^-ffee  buffer  for  2  hours 
were  rinsed  three  times  with  10  ml  of  0.25  M  sucrose.  The  cells  of  five  100  mm  dishes  each  were 
pooled  in  0.25  M  sucrose,  digested  with  HNO3  (Ultrex  II,  J.T.  Baker,  Phillipsburg,  NJ)  at  a  final 
concentration  of  40%  at  65°C  for  15  hours  and  diluted  1:2  with  Millipore  Milli-Q  UF  plus 
filtered  water.  The  ion  concentrations  were  measured  using  an  Inductively  Coupled  Plasma 
Atomic  Emission  Spectrometer  (Vista  Axial  730,  Varian,  Walnut  Creek,  CA).  The 
concentrations  for  Na’^(588.995  nm),  K'^(766.941  nm),  and  Mg^'^(285.213  nm)  were  determined 
and  the  Na"^  and  concentrations  were  normalized  to  the  total  Mg^^  content  (internal  control). 
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Figure  Legends: 

Figure  1.  Inhibition  of  Na,K-ATPase  activity  prevents  the  formation  of  tight  junctions  and 
desmosomes  and  the  induction  of  polarity  in  MDCK  cells.  (A-D)  Immunofluorescence 
localization  of  ZO-1.  At  zero  hour  in  both  control  (A)  and  ouabain-treated  cells  (C)  the  ZO-1 
staining  is  intracellular.  At  three  hours  ouabain-treated  cells  show  incomplete  ZO-1  rings  (arrows 
in  D)  as  compared  to  the  complete  ring-like  staining  revealed  by  control  cells  (B).  (E) 
Transepithelial  electrical  resistance  measurement.  Ouabain-treated  cells  did  not  show  an  increase 
in  the  TER  over  time.  (F-I)  Immunofluorescence  localization  of  desmocollin.  Note  that  in 
ouabain-treated  cells  the  desmocollin  staining  is  predominantly  intracellular  (I)  as  compared  to 
control  cells  (G).  At  zero  hour  in  both  control  (F)  and  ouabain-treated  cells  (H)  the  desmocollin 
staining  is  intracellular.  (J,  K).  Transmission  electron  microscopy.  Tight  junctions  (arrows), 
adherens  junctions  (arrowheads),  and  desmosomes  (asterisks)  were  formed  in  control  cells  (J), 
while  ouabain-treated  cells  (K)  had  no  tight  junctions  and  desmosomes.  Inserts  are  the  higher 
magnification  of  the  tight  junction  regions  in  J  and  K.  (L-0).  Confocal  microscope  X-Z  sections. 
Note  the  basolateral  localization  of  P-catenin  (L)  and  GP135  (N)  in  control  cells  and  non 
polarized  distribution  of  these  markers  in  ouabain  treated  cells  (M  and  O).  Scale  bars  in  A-D  and 
F-I  =  lOp,  J  and  K  =  SOOnm  and  L-0  5p. 

Figure  2.  Na,K-ATPase  mediated  inhibition  of  formation  of  tight  junctions  and 
desmosomes  is  reversible.  Immunofluorescence  localization  of  ZO-1  (A  and  B)  and 
desmocollin  (C  and  D).  Cells  incubated  in  K'^-free  medium  show  an  incomplete  ZO-1  ring  at  the 
plasma  membrane  region  (A)  and  intracellular  localization  of  desmocollin  (C).  Replenishment  of 
results  in  a  complete  ZO-1  ring  (B)  and  plasma  membrane  localization  of  desmocollin  (D). 
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(E).  Measurement  of  TER.  Note  an  increase  in  the  TER  as  soon  as  the  cells  are  shifted  to  K”^- 
containing  medium.  (F  and  G).  Transmission  electron  microscopy  shows  junctional  complexes. 
Note  the  absence  of  tight  junctions  and  desmosomes  under  K’^-ffee  medium  (F)  and  their 
presence  in  K'^-containing  medium  (G).  Inserts  in  F  and  G  are  the  tight  junction  regions.  (H-K) 
Confocal  microscope  X-Z  sections.  Note  the  non-polarized  distribution  of  P-catenin  (H)  and 
GP135  (J)  in  under  K’^-depleted  condition  and  the  polarized  distribution  of  p-catenin  (I)  and 
GP135  (K)  after  K'^-repletion.  Scale  bars  in  A-D  =  lOp,  F  and  G  =  500nm,  and  H-K=5)j,. 

Figure  3.  Ouabain  treatment  under  sodium  free  conditions  does  not  affect  the  formation  of 
tight  junctions  and  desmosomes.  (A  and  B)  and  (C  and  D)  are  the  immunofluorescence 
localization  of  ZO-1  and  desmocollin,  respectively.  Note  the  comparable  staining  pattern  in 
control  (A,  C)  and  ouabain-treated  (B,  D)  cells.  (E).  Measurement  of  TER.  (F,  G)  Transmission 
electron  micrographs  of  control  (F)  and  ouabain-treated  (G)  cells  show  tight  junctions  and 
desmosomes.  Inserts  are  the  higher  magnification  of  the  tight  junction  region  in  F  and  G.  (H-K) 
Confocal  microscope  X-Z  sections.  Note  the  polarized  distribution  of  P-catenin  and  GP135  in 
control  and  ouabain  treated  cells.  Scale  bars  in  A-D  =  lOp,  F  and  G  are  500nm  and  Ip, 
respectively,  and  H-K  5p. 

Figure  4.  Treatment  of  MDCK  cells  with  the  sodium  ionophore  gramicidin  inhibits  the 
formation  of  tight  junctions.  (A,  C),  immunofluorescence  localization  of  ZO-1  and 
desmocollin,  (B,  D),  respectively,  of  gramicidin  (A,  B)  and  valinomycin  (C,  D)  treated  cells.  (E). 
TER  measurement  of  gramicidin  and  valinomycin  treated  cells.  (F-I)  Confocal  microscope  X-Z 
sections.  Scale  bars  in  A-D  =  lOp,  F-I=5p. 
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Figure  5.  Inhibition  of  Na,K-ATPase  prevents  the  formation  of  bundled  stress  fibers  and 
inhibits  RhoA  GTPase  activity.  (A-F)  FITC-phalloidin  staining  of  filamentous  actin.  At  0  hours 
no  stress  fibers  were  detected  in  control  cells  (A)  and  cells  treated  with  ouabain  (C).  Bundled 
stress  fibers  were  present  at  3  hours  in  control  cells  (B,  arrows)  but  were  not  detected  in  ouabain- 
treated  cells  (D).  In  panels  E  and  F  phalloidin  labeling  of  cells  maintained  under  K'^-free 
condition  (E)  and  cells  transferred  to  K’^-containing  medium  (F)  are  shown.  Note  the  presence  of 
bundled  stress  fibers  (arrows)  after  transfer  to  K'^-containing  medium.  Scale  bars  in  A-F  =  lOp. 
(G  and  G’).  Effect  of  ouabain  treatment  on  RhoA  activity.  (G)  Immunoblot  showing  active  and 
total  RhoA  in  ouabain  and  control  cells.  The  results  shown  are  the  representative  data  obtained 
from  three  independent  experiments.  (G’)  Quantification  of  the  immunoblot  data  represents  the 
average  of  three  independent  determinations  done  in  duplicates.  Bars  indicate  the  standard  error. 
For  control  the  error  bars  are  so  small  that  they  are  not  seen  in  the  figure.  (H  and  H’).  Effect  of 
K'*'  depletion  and  repletion  on  the  RhoA  activity.  Immunoblot  of  active  and  total  RhoA  (H)  and 
quantification  of  the  immunoblot  data  (H’)  representing  the  mean  of  two  independent 
determinations  done  in  duplicates.  (I  and  F).  Effect  of  gramicidin  and  valinomycin  on  RhoA 
activity.  Immunoblot  of  total  and  active  RhoA  (I)  and  quantification  of  the  immunoblot  data 
done  in  duplicates  (F). 

Figure  6.  Formation  of  tight  junctions,  desmosomes  and  the  induction  of  polarity  in 
ouabain  treated  MDCK-RhoA  wt  cells  over  expressing  RhoA.  (A)  Immunoblot  showing 
induced  Myc -tagged  (*)  RhoA  after  the  withdrawal  of  the  doxicycline.  (B).  Relative  levels  of 
active  RhoA  GTPase.  (C,D).  FITC-phalloidin  staining  of  filamentous  actin.  (E,F). 
Immunofluorescence  of  ZO-1.  (G,H).  Immunofluorescence  of  desmocollin.  (I).  Measurement 
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TER  (J-M).  Confocal  microscope  X-Z  sections.  (N,0).  Transmission  electron  microscopy. 
Inserts  are  the  higher  magnification  of  the  tight  junction  region  in  N  and  O.  Scale  bars  in  J-M 
=5p.  and  N  and  O  =  500nm. 

Figure  7.  E-cadherin  and  catenin  expression  in  Ouabain-treated  MDCK  cells.  (A-D) 
Immunofluorescence  of  E-cadherin.  At  0  hour  E-cadherin  was  localized  intracellular  in  both 
control  (A)  and  ouabain-treated  (C)  cells.  At  3  hours  E-cadherin  was  localized  on  the  plasma 
membrane  in  control  cells  (B)  and  in  ouabain-treated  cells  (D).  (E)  Immunoblot  analysis  of  E- 
cadherin,  a-catenin,  p-catenin,  and  y-catenin.  Ouabain- treatment  of  MDCK  cells  during  Ca^’^- 
switch  did  not  significantly  alter  the  expression  levels  of  either  E-cadherin,  a-catenin,  P-catenin, 
or  y-catenin.  Scale  bar  =  lOp. 

Figure  8.  Schematic  model  of  the  formation  of  tight  junctions  and  desmosomes  in  epithelial 
cells.  (See  text  for  details). 
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